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Abstract
Rectangular waveguide is known for its ability to propagate microwave signals with low 
loss in a wide range of microwave and millimetie-wave applications. Recent 
developments in these applications have focussed particularly on integration of different 
circuits and miniaturisation of modules; rectangular waveguide requires expensive 
fabrication methods and is replaced wherever possible with planar transmission lines. 
However, these have much higher losses.
This research has investigated the feasibility of several low cost methods of fabricating 
dielectric-filled rectangular waveguide. The methods used are based on multichip module 
(MCM) technology. The technologies used to fabricate the waveguides are multichip 
module laminate (MCM-L) and multichip module ceramic (MCM-C) processes. In the 
MCM-L method, a PCB milling machine technique was used with PCB laminates 
designed for a multilayer process. With the MCM-C technology, two material types aie 
used to fabricate dielectric-filled waveguide using multilayer thick film processing. The 
materials used are the photoetchable and photoimageable thick film pastes. The 
photoimageable thick film process was successfully used to fabricate H-plane offset 
waveguide filters. LTCC processing using Green Tape ™ materials was also investigated 
for the dielectric-filled rectangular waveguide fabrication.
The MCM-L and photoetchable thick film dielectric filled rectangular were fabricated in- 
house, whilst the photoimageable waveguide was fabricated by Hibridas as pait of a 
collaborative project. The performances were tested using TRL calibration on the VNA, 
and a range of transitions, guides, and filters have been evaluated, including a 160-170 
GHz bandpass filter.
Key words: Dielectric-filled rectangular waveguide, MCM technology, photoetchable and 
photoimageable tliick film technology, LTCC
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Chapter 1. Introduction
Chapter 1
1 Introduction
1.1 Transmission lines for high frequency application
Planar transmission lines are the basic medium for microwave integrated circuits, whether 
the circuit is fabricated in hybrid form or as an MMIC (Monolithic Microwave Integrated 
Circuit). The primary ones shown in Figure l .I  are microstrip, coplanar waveguide 
(CPW), stripline and slotline. These structures are currently used extensively in 
microwave circuits. Other planar structures are variants evolved from this and have 
different advantages and limitations.
(i) (ii)
(iii) (iv)
Figure 1. 1 Illustration o f various basic planar structurs; (i) coplanar waveguide (CPW), (ii)
Microstrip, (iii) slotline and (iv) stripline
In principle, planar transmission lines could be fabricated to work at any microwave 
frequency. But each type is limited in it’s operational frequency range due to the 
photolithography technique or machining techniques that sets the tolerance of width and
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gaps of conductor line. Also, certain type of lines exhibits the possibility of exciting 
higher order modes as order increases [1.1].
Other disadvantages seen in the planar geometry circuits as frequency increases are seen 
in the frequency dependant mechanism such as the parasitic coupling and radiation, 
increase in ohmic losses, dielectric loss, poor line to line isolation, unwanted modes and 
dispersion. Also, to make these structures suitable, most planar transmission lines need a 
change in structure as it reaches the millimetre-wave region e.g. finline (slotline with 
walls).
In MMIC design, planai* transmission lines such as slotline, coplanai* stripline (CPS), 
CPW have been the choice for the existing Gigahertz (GH.) technology. But at high 
frequency, low Q etc. Also, regardless of on the application and the fabrication process 
available, cost is always a main concern. Higher cost of fabrication is required to gain 
reasonable result i.e. low insertion loss etc. But as operating frequency increases, the 
fabrication of structure becomes impractical and uneconomical, due to its size or yield for 
mass production.
The following considerations are given by Bharathi [1.2] and Franzier [1.3] for selecting a 
suitable transmission line for an application: 
low loss or high unloaded Q 
low dispersion loss 
low radiation loss 
maximum achievable bandwidth 
ease of integration
ease of integrating solid states devices or active components 
adequate power handling 
ease of fabrication and low cost of manufacture
As frequency increases, most planai* structures in general suffer from high attenuation, 
fabrication limitations, parasitic coupling etc. Alternative media such as rectangular 
waveguide ai*e currently a popular choice to overcome these problems.
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1.2 Non-planar waveguiding media
Non-planar waveguiding media have been incorporated in microwave and millimetre- 
wave systems since the 1940s. The most interesting structures have been the rectangular 
waveguide and coaxial line. Since then, improvements in these structures and emergence 
of other structures were seen. Among them are oversized rectangular waveguide, circular 
waveguide, finline, and dielectric waveguide.
Due to the disadvantages of the planar line structures in section 1.1, there is on going 
research to find a practical transmission line above lOOGHz. One example is the air filled 
rectangular waveguide fabricated by micromachining [1.4]. Metal pipe RWG (MPRWG) 
or dielectric filled waveguide for example shown in Figure 1. 2, is seen as a preferred 
choice The process uses conventional monolithic technique to fabricate 4pm high 
rectangular waveguide structure. Other waveguide fabricated includes the use of LIGA X- 
ray lithography [1.5], micro-machining using negative photoresist [1.6]-[1.8].
X
Figure 1. 2 Illustration o f a rectangular waveguide structure (or MPRWG structure)
At millimetre-wave frequencies, rectangular waveguide is known to have lower current 
density compared to planar circuits. Another factor is that the wave propagating inside an 
enclosed structure will result in no leakage of electromagnetic energy. This gives high Q 
factor and excellent line-to-line isolation. Also, integration with other guides and planar 
structures is possible using e.g. CPW to RWG transitions.
Physically, MPRWGs have metallised boundaries on all 4 sides and extended to several 
wavelengths in length. The transition at both ends of the waveguide allows the
Chapter L Introduction
electromagnetic wave to couple and propagate inside the enclosed structure with good 
isolation from any interference outside the boundary. The conducting metal at the 
boundary can either be lossless (in theory and simulation) or have finite conductivity.
Rectangular waveguide is known to propagate waves through a vast range of the 
frequency spectrum from microwave to sub- millimetre wave frequencies. The conductor 
surrounding the field inside the waveguide shields it from external interference, and 
prevents radiation that helps make it relatively low loss. Also, it has fairly high power 
handling capability. These are some of the criteria that made rectangular waveguide the 
best choice for this research.
However, cunent fabrication techniques are expensive and manufacturing small size 
waveguides is a challenge due to the need for tight tolerances. The high precision 
technique used today is unsuitable for mass production, costly and most planar/non-planar 
integration is costly and complicated. With this obstacle in mind, an objective was set to 
seek a solution for fabricating a low cost waveguide, without tuning, with high yield and 
which can be easily integrated with other planar structures on the same substrate.
1.3 Structure of Thesis
Each of the methods used to fabricate the rectangular waveguide is presented in the 
individual chapters of this thesis. Chapter 2 will presents some information on curxent and 
previous methods to fabricate MPRWGs. This chapter also presents a feasibility study on 
various processing techniques and materials suitable for the production of the waveguide 
Chapter 3 looks at methods using PCB milling machine for machining/milling dielectric- 
filled rectangular waveguide. Design using MCM-C is discussed in Chapters 4 and 5. 
LTCC fabrication of MPRWGs is discussed in Chapter 6. Finally, Conclusions are 
summarised in Chapter 7, and some suggestions are made for future work.
1.4 Technical Challenges
The aim of this research is to investigate the implementation of non-planar* transmission 
lines e.g. rectangular* waveguide, with existing low cost technology. The investigation
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includes a feasibility study on potential materials applied to high frequency applications 
and processing. The process includes advanced hybrid technology or MCM. Once the 
basic processing steps and materials were decided, the fabrication commenced and the 
finished structure was tested with a specially designed calibration set.
The first challenge to realise a rectangular waveguide in MCM technology is in the 
designing stage. Since the rectangular waveguide propagates waves enclosed within its 
stmcture, the investigation of the waveguide characteristic has to be done using known 
mathematical analysis or electromagnetic theory and EM simulation e.g. HFSS. Also a 
suitable transition is required for measurement purposes and in order to integrate devices 
and planar structures.
Another challenge is to find a suitable material for the dielectric contained within the 
rectangular waveguide. The material must be relatively safe and non-hazardous for the 
type of processes chosen. Also it must posses certain characteristic that is suitable for 
propagating waves with low loss. A dedicated area within the laboratory is used to set up 
the process and includes proper storage and other standard laboratory facilities. This 
requires significant investment and effort to create a suitable laboratory, even if 
modifying or using existing fabrication facilities to fabricate the novel structures.
Finally, the fabrication or machining of the structure itself imposes the ultimate challenge 
for this research. Novel procedures must be developed to suit the available process on site 
and also the ability to fabricate a precise and practical structure. Careful consideration 
must be given to the choice of material. The dielectric constant and tangent loss of the 
dielectric have a major effect on the size and dimension of the waveguide. Figure 1. 3 
shows the changes in the rectangular* waveguide dimensions as function of frequency and 
dielectric constant. It can be concluded that rectangular waveguide dimension (a x b) 
reduces as frequency or dielectric constant Hence, this sets the pressure on the fabrication 
side to produce optimum operating waveguide structure with reasonably sharp edges, a 
smooth surface, precise dimensions and small size.
For practical applications, a challenge in this research is to integrate the rectangular* 
waveguide with other planar structures. This has its advantages since there is ongoing
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research in integrating both planar and waveguide stmcture on a single substrate or chip. 
Also, this integration is crucial to provide some power into the waveguide to investigate 
its phase constant and attenuation. Planar structures are used since there is much interest 
in integrating both planar to non-planai* using low loss integration structure. This can 
reduce mechanical assembling and potentially eliminate the need for bond wires etc [1.4].
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Chapter 2
2 Materials and Processing
2.1 Introduction
Since the advancement in wireless applications, microelectronics, interconnect and 
packaging technology, there have been significant improvements in the fabrication 
technology due to novel materials and technical enhancement. The improvements are 
currently addressing the technical and commercial needs towards better circuit 
performance and lower cost.
Several circuit technologies i.e. PCB technology, advanced ceramic, laminates or thin 
film deposition, are now being used at high frequency for better performance and a wide 
variety of functions. The performance criteria include the ability to provide integration 
between different circuit packages, better thermal management, design flexibility, better 
mechanical and process stability during fabrication and many other requirements and 
specifications.
In choosing a fabrication technology for a desired circuit function, few of the main factors 
are the material type and its properties (e.g. dissipating factor, dielectric constant), 
technology constraints (e.g. how small is the via or the conductor line or thickness of the 
dielectric) and the practicality of the design. Knowing all these constraining factors, 
function and behaviour, an optimised circuit geometry with chosen material can be 
designed to suit the requirements.
The objective of tins chapter is to look at some of the products i.e. material and substrates 
that are suitable for the fabrication of the dielectric-filled waveguide and other 
interconnect circuits (planar or non-planar) transmission line. The study also includes the
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technology used with these products in various processing techniques. Then valions 
materials are compared to look at their potential for use at millimetre-wave frequency.
This chapter is separated into 3 main sections. The first section will discuss a range of the 
fabrication processes available today to make the dielectric filled rectangular waveguide.
As discussed before, as frequency increases, circuit structures get smaller, and there is a 
tendency to use state-of-the-art fabrication processes to cope with the demand for high 
accuracy and tolerance, and with possibility of using expensive materials. This, of course, 
results in more expensive processing and sometimes, produces low yield products or is 
too impractical for mass production. Finding a cheap and reliable process has been widely 
investigated to provide low cost high frequency circuit alternatives. But most low cost 
processes aie unable to handle the requirement for obtaining tolerable geometry and small 
physical sizes. For optimum microwave and millimetric-wave circuit performance, 
adhering to specified dimensions is important, especially in designing waveguide 
structures. Most of the proposed technology in this chapter has long been a favourite for 
low cost manufacture and has been ‘upgraded’ and enhanced in either its technical aspect 
or it material variety/selection.
The second section of this chapter (section 2.2) will look at different dielectric or 
conductor products cuiTently on the market and generally used in high frequency 
technology for high performance applications. Also, these materials are considered for 
fabricating dielectric filled rectangular waveguide.
The presence of dielectric inside the rectangular waveguide will directly affect the 
waveguide performance and also its physical size of the waveguide, as discussed in 
Chapter 1. Dielectric plays an important role in the design of dielectric waveguide and 
planai* circuits. The choice of the dielectric, for example, in the study of dielecti*ic filled 
RWG, will affect the attenuation, the dimension (miniaturisation) and also the modes of 
the propagating electromagnetic waves.
More versatile and ‘smart’ products for novel circuit integration and having excellent 
performance at high frequency are introduced in this chapter. For example, the
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introduction of photoimageable materials that makes it possible to produce structures in 
micron sizes and cuts down the number of processing steps. The advancement in these 
products also allows possible integration between MIC processes, waveguide structures 
and planar stiuctures.
The final section 2.4 investigates substrates suitable for the fabrication of the dielectric 
filled waveguide. In addition to being low cost and used for support during fabrication, 
other properties aie considered i.e. substrate thicloiess, dielectric constant and dissipation 
factor.
2.2 Processing Technology
A selection of processes is presented in this section. The selection includes different 
Multichip Module (MCM) and other technology e.g. micromachining. MCM technology 
forms a huge part of this section due to the variety of improved processes developed from 
former hybrid technology. This includes thick film technology, PCB technology and thin 
film technology.
2.2.1 Multicliip module (MCM)
In the seai'ch for a new processing technology to address the integiation between 
processes while maintaining circuit performance, a new advanced interconnect 
technology is cunently available and has better performance than PCB, while 
incorporating I.C. fabrication technology. Multichip module technology [2.1] is more cost 
effective and is more versatile than its predecessor i.e. hybrid technology, making it 
suitable for a variety of applications. Much of its basic understanding is of the same with 
PCB manufacturing but as explained in [2.2], the distinguishing factor between MCM and 
PCB is where bare (unpackaged) die aie used. Also, another important difference is its 
capability for multilayer processing, incorporating more complicated circuit structures, 
and the integration of wide ranges of components e.g. CMOS or MMIC, on a single 
module.
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The advancement in conductor pastes, screen printing etc., has allowed finer lines to be 
fabricated. This of course means smaller area and more lines can be incorporated in the 
circuit. Interlayer dielectrics allow vias to be constructed between layers, which are then 
filled with metal to connect transmission line on different layers. Hence, one can increase 
the density of the circuit by a combination of different components with interconnects, 
vias, biasing circuitry, filters etc.
Apart from compromising the cost of the manufacturing with the increase of interconnect 
density, MCM gives an advantage of more controlled manufacturing on its signal paths. 
MCM has well controlled line impedance and dimensions, which is important for high 
frequency application.
Having a number of layers also allows flexibility in the design where layers can be used 
not only for increasing the density of the design i.e. more lines and bare chips, it also 
allows construction of 3-D passive components e.g. spiral capacitor, couplers and 
capacitors. There are 4 dominant types of MCM technology using different types of 
substrates. They ai'e (1) MCM-L for laminates, (2) MCM-C for ceramic, (3) MCM-D for 
deposition and (4) A mixture of MCM technologies. For example MCH (Multichip 
Module Hybrid) for MCM-DC and Surface Laminar Circuit (SLC) is a combination of 
MCM-D/L process and is currently applied in IBM, Japan[2.1].
High-end applications aie inclined to use MCM-D due to its higher density and finest 
lines. However, with the introduction of novel photoimageable material, MCM-C is 
capable of approaching the feature size of MCM-D. MCM-L has also improved and 
should be considered as well. Due to its ability to integrate different technology to 
construct a single module, there aie situations where different MCM technologies are 
combined together. For example, MCM-L could be used for the main circuit board, and 
an MCM-C ‘daughterboard’ used to realise high frequency and high power function.
2.2.1.1 MCM-L
The material used i.e. laminates and substrates have almost similar process to the 
conventional copper etch PCB. The metal layers are defined using photolithography
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technique and vias are formed using lasers or drilling. The types of laminates used 
(usually organic PCB) aie normally PTFE (Teflon™), but reinforced or unreinforced 
epoxies, polyimide, or cyanate esters can be used for lower frequencies,
This process is considered to be the lowest cost for consumer or commercial products and 
application compared to other MCM technologies. The layers are processed individually 
(parallel processing) and large boaids can be processed, which cuts down the cost even 
more. These layers aie then stacked and laminated under pressure resulting in a multilayer 
structure.
One technique in processing the boards is the milling machine step. The milling machine 
used here was for in-house productions of PCBs, and is normally used to eliminate the 
need for wet etching. It’s a chemical free prototyping system with the advantage of no 
waiting time, no photomask, no outside costs and no chemical hazards.
Such a milling machine is widely used to produce prototype PCB circuits below 20GHz. 
It uses tools and diills to insulate and mill tracks or shapes of the dielectric board and 
copper metal clad, or even make different via size through the dielectric. It can be applied 
to pattern laminates in MCM-L technology, as part of the parallel processing sequence.
The reason for it to be restricted in frequency perfoiinance is because the pattern, shape or 
vias made using the machine aie solely dependant on the size and tolerance of the tools 
and drills. Other restriction is the type of substrate used, e.g. whether it has reinforced 
woven fabric or non-woven type fabric etc.
The dielectric is cladded with conductor, namely copper. The organic resin (example 
epoxy) foiTning the dielectric is reinforced with fibreglass to form rigid structure. An 
example of this type of dielectric is often FR4 or an E-glass/epoxy mix.
One important aspect of using these organic materials with reinforced fibre is the 
anisotropy of the dielectric needs to be understood before any process is cairied out. This 
is to do with the permitivity of the dielectric that effects the propagation of waves within 
the material. This restricts the frequency of operation of the circuit.
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Polytetraflourine (PTFE) is better at high frequency but because PTFE is soft and 
flexible, it gives less precise dimensional control. An example of PTFE-based the product 
is RT/Duroid. These types of substrate aie suitable for microwave and broadband 
application and have better electrical performance and mechanical compared to woven 
dielectric, with anisotropy of the material not being an issue.
2.2.1.2 MCM-C
MCM-C employs ceramic material, usually processed in the unfired ( ‘green’) state. The 
process is quite similar to conventional thick film and uses pastes or tapes. It also allows 
bare chips or surface mount components to be incoiporated but the difference is only in 
the multilayer capability and also, the extra processes included during the fabrication 
process. Often, Alumina is used as a substrate. The extra dielectric layer is either screen 
printed on top of the substrate for Low Temperature Cofired Ceramic (LTCC) technology 
in sequential print and fire process. It can also be fabricated individually on soft and 
flexible Green Tape™ used in the more recently developed LTCC that can be fired on 
lower temperature. The conductor pattern is screen printed, dried, exposed and etched for 
high-density line.
For Green Tape™ used in LTCC, the vias are punched, diilled or laser machined, and 
then filled with metal paste before being diied and fired. All the layers, like laminates, are 
parallel processed and stacked, and cofired at a temperature between 850 and 950°C. 
More information on the process is presented in Chapter 6 as a study for rectangular 
waveguide fabrication.
Today, with the introduction of new materials e.g. Hibridas products and KQ Heraeus 
products, thick film technology is able to produce almost the same result as thin film 
technology, which is well known to have better performance than all other hybrid process. 
This advancement is seen as a great improvement since thick film technology is fai* 
cheaper than thin film in fabrication cost requires lower capital investment, and uses 
simple processing steps.
The need for better line resolution and spacing has pushed the thick film process further. 
This is seen in improvements and introduction of new thick film pastes and advances in
13
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the screens themselves. Conventionally, screen-printing is done by printing a single 
planai* layer of metal, dielectric or resistor paste on a substrate. Advanced thick film 
processing has made multilayer processing possible, which will be discussed in chapter 4. 
Some infoi*mation on potential photoimageable thick film dielectric paste are compared in 
Table 2-1.
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1 2 .1 3  MCM-D
This technology is related paitly to the process in semiconductor integrated circuit e.g. 
resist spinning, deposition and photolitography processes. Substrates that have been used 
include silicon, quartz and glass. Interlayer dielectrics aie deposited using spin-on 
materials such as benzocyclobutane (BCB) [2.3] or polyimide. Dielectric layers e.g. 
silicon oxide can also be grown on silicon.
Metal layers are deposited by sputtering or vacuum evaporation, and electroplating if a 
thicker layer of metal is required. A sequential photolithography process on the dielectrics 
and the metals, which is common is the semiconductor industry, is applied to pattern the 
metal or dielectric layers.
Spin coating technology (SCT) [2.4] is part of the cuiTent mainstream semiconductor 
technology. The materials that are designed for coating are initially dispersed or dissolved 
in a solvent before being deposited on the substrate or on subsequent layer leaving a 
uniform surface.
The equipment for the spin coating is modestly priced. The materials can be spun onto 
substrates like Alumina, glass, silicon etc. The thickness can be spun (depending on 
material rheology) from 0.05um to 2 mm thick. The thickness is controlled by spin speed, 
amount of deposited material, curing temperature and also spinning time.
Technologies dependent heavily on high quality spin coating technology are:
• Photoresist for defining circuit patters under UV light in microcircuit 
fabrication
• Dielectiic/insulating layers in multilayer microcircuit fabrication
• Flat screen display coating -  antireflection coatings, conductive oxide
The overall procedure in this process is simple and easy. The process is earned out in a 
clean room at room temperature. The material is deposited and spun at certain speed , 
leaving semi-solid thin/thick film. Successive baking and curing at high temperature
16
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results in cross-linking where the film or coat is solidified. The liquid organic and 
inorganic materials used in the process are left behind as dielectric and multilayer films.
Different types of material used in this process are summarised in Table 2.2. Information 
for SOG Products is given in [2.5]-[2.6] and Pyralin® in [2.7].
Er < 20GHz
BCB 2.65 0.0008 @ 
IKHz
MCM-(D,LD, CD), Thin 
Film Technology,
XP Su-8 100 2.9 - Micromould, MEMS
SOG 1000FX 2.7 - MCM-D/C
SOG 500FX 3.0 - MCM-D/C
Pyralin PI2610 2.9 0.002 MCM-D
Table 2 -2  A selection o f spin-on dielectrics from different manufacturers and their electrical
characteristics
2.2.2 Micro-electro-mechanical Systems (MEMS)
MEMs [2.8] are a rapidly advancing technology that permits complex electromechanical 
systems to be fabricated using a similar process as for IC fabrication, but includes both 
electronic and electromechanical components in one module. It consists of an integration 
of components such as mechanical elements, microsensors, microactuators and 
microelectronic circuits. It is capable of fabricating micromechanical structure using 
micromachining techniques, where selective etching processes are used to form 
mechanical and electromechanical devices.
We have seen today that MEMs are utilised in many system-on-chip solutions and has 
found their application in ranges of disciplines e.g. biology and electronics. The general 
idea of an example system can be summarised as follows: a microsensor detects changes 
(environment, thermal etc) and the information is gathered and manipulated 
electronically. Using decision making programme logic or software, it then directs the 
microactuators that control the mechanical part of the system for motion, positioning, 
pumping, regulating etc. With this basic understanding on the workings of MEMS, many 
applications combining all these components are currently being fabricated e.g. switches.
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microsensors, biomedical, consumer products and industrial products. The design 
incorporating both mechanical and electrical on single chip is a key feature for lowering 
cost of production. Also incorporating silicon technology in MEMS for example will (1) 
result in a high a degree of control of dimensions, (2) miniaturise the mechanical 
elements, (3) integration with electronic circuits (I.C.), and (4) give the possibility of 
using batch production and subsequently reduce the production cost.
2.3 Materials for high-frequency application
Several suitable products (conductors and dielectric) have been investigated. A summary 
of these materials, and tlieir compatibility with other technologies are given. Also, 
important electrical characteristics is discussed. Detailed information on other properties 
and compatibility with other materials are provided by the relevant websites and 
references.
2.3.1 DuPont Green Tape™
The DuPont Green Tape™ [2.9] Low Temperature Cofire Ceramic System (LTCC)^^ 
provides a technology that offers wide range of possibilities to realise multilayer circuits 
with a large number of signal layers and low conductor losses [2.10]. The key difference 
compared to organic laminate technology is the ability to integrate passive component 
e.g. capacitor, inductor and resistors. It can be embedded within the circuit structure, 
allowing an increased scale of integration and smaller circuits.
The material properties such as uniform dielectric sheet thickness and good electrical 
paiameters malces it a suitable candidate for highly integrated cost effective applications 
e.g. wireless applications that require circuit compactness without sacrificing perfoiTnance 
and reliability. The ceramic's dielectric constant (Sr) is 7.8 @ 10 GHz with dissipation 
loss of 0.0015 @ lOMHz. It is capable of producing minimum 100 p,m vias. From 
infoimation given [2.10], >80 laminated layers (without any metalisation) have been 
proved possible.
DuPont Photopolymer & Electronic Materials, Microcircuit and Component Materials
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The product is intended for thick film processing and it is extensively used in multilayer 
planar technology. References [2.11]-[2.13] explain the new emerging technology of 
embedding integrated passive components (DPC) in LTCC. The resistor, inductor and 
capacitor are placed within the LTCC layers, hence resulting in higher density, reduced 
interconnection resistance, increased maximum clock speed, reduced assembly and 
overall cost.
Other circuit technology using LTCC reported includes non planar stmctures such as 
embedded rectangular waveguides [2.14] and waveguide filters [2.15] for wireless and 
microwave applications. Also, numerous examples of RF applications were presented in 
[2.16], from portable phones and base stations to satellite applications.
2.3.2 Fodel®
The low cost of printed circuit boards (PCB) and the high density of thin film materials 
have challenged thick film manufacturing operations to address the need for increased 
circuit density, improved peiforaiance and lower cost reduction. To achieve this, DuPont 
has produced a range of improved products for thick film technology with the commercial 
name Fodel® [2.17]. The Fodel® product range includes Fodel® direct screen-print 5969 
conductor paste and Fodel® 6050 dielectric paste. These products are compatible with 
Green Tape™ and it is reported to offer benefits of very high conductor and line density 
(40um line resolution with 50um space), small vias, excellent wire bondability, and 
multilayer capabilities.
Fodel® 6050 dielectiic paste is a thick film composition and it is designed to be 
compatible with Fodel® 5956 conductor or any screen printed Fodel® Au conductors, via 
fill conductors and Alumina. The dielectric constant Sr is between 8-9 @10MHz and 
dissipation factor of 0.004 @10 MHz. The thickness reported for the fired single 
dielectric is 7-9;im. But it is also reported that it can have 40-45p,m thickness with 4 
prints and 2 firings. The reported via size is 75|xm.
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Fodel® 5956 gold conductor is designed for inner multilayer metal and top layer metal. It 
is developed to be compatible with Alumina substrate, Fodel® 6050 dielectric and 
GreenTape"^^.
2.3.3 NANO™ Su8 Resist
NANO™ Su8 Resist is a product of MicroChem Coip [2.18]. It is an epoxy based, 
negative imaging photoresist manufactured for thick and ultra thick resist applications. It 
is used generally as a micromould for micromechanical structures or microelectronic 
applications where a thick, chemically and thermally stable resist is desired. 
Micromoulding is an innovative method for fabrication and rapid prototyping of high- 
aspect ratio micromechanical components.
It is reported that the resist has excellent sensitivity to UV. It is also suitable for processes 
where resistance to harsh etching and plating process is required. It was reported that the 
resist was primarily used in applications where microfabricating mechanical structures is 
required, e.g. sensors, actuators or moulds for electioplating, or as a sacrificial layer for 
design in sensors, microswitches, and microwave planar stmctures e.g. inductors or 
capacitors. It was also reported that it was used in fabricating air-filled RWGs [2.19].
The photoresist is applied using the spin coating technique. The layer is applied using a 
certain spin speed and is dispensed using 3 recommended steps i.e. static dispense, spread 
cycle (e.g. 500rpm with lOOrpm/s acceleration for <10s) and spin cycle (acceleration at 
300rpm/s for total of 30s). Once spun, it is levelled by letting the sample stand for a few 
minutes. Then the film is dried to evaporate any solvent and thickens the film. This can be 
done on a hot plate for a certain time depending on the thickness and SU8 composition. 
Baking can also be done in a convection oven, where the evaporation rate is optimised by 
the rate of temperature rise and the ventilation.
SU8 is exposed under conventional UV radiation (350-400nm). The optimal exposure 
dose is dependant on the film thickness and various process paiameters. After exposure, a 
post exposure bake (PEB) is peifoiTned and this can be done on a hot plate or in an oven. 
FEB is cariied out to selectively cross-link the exposed film portion and the unexposed 
resist is chemically stripped and to produce the structure. It has been reported that the
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thickest structure ever made is about 1200|Lim thick with a line width of 65p,m, having 
aspect ratio of 18 (double spin coated) [2.20].
2.3.4 Taconic ADD Products
There has always been interest in integrating low-cost PWB boards/laminates with other 
technology. Taconic^^ [2.21] manufactures boards and laminates with precise dielectric 
constants, constant thickness profile and low loss or low dissipation factor for a range of 
applications. The improvements in the laminate’s low dissipation factor allow it to be 
used up to microwave frequency.
The laminates are designed for milling, shearing, engraving or drilling. A variety of 
dielectric thickness and copper cladding thickness aie available and the choice is 
important at millimeter-wave frequencies. It can be plated with metal (usually copper) 
with different thickness to suit the slcin depth, using the accepted methods suitable for 
PTFE/woven fibreglass laminates.
PCB laminates are routinely used for radar systems, phased array antennas, mobile 
communication systems, microwave test equipment, microwave transmission devices, and 
many RF components.
Different products are available for different applications due to different requirement in 
their electrical and mechanical characteristics. Some of the applications include low loss 
application, stable mechanical and electrical and thermal property for microwave and 
high-speed digital application, X-Y stability for multilayer design, or low cost substiate 
for high volume commercial microwave and RF products. Also, high 8r for 
miniatuarisation, and better heat dissipation for high power handling capability may be 
needed.
Table 2- 3 shows some of the product and its important specification. Suitable 
applications of each product are also listed. Also listed in Table 2- 4 aie other 
manufacturers who produced laminates for PCB and MCM fabrication.
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Product Name .J a n .ô  
@ 10 GHz
4 ^Application
TLC-32 PTFE/
Woven
Fibreglass
3.22 0.003 Multilayer ( >4 layers) Microwave Products
TLE-95 2.97 0.0028 Multilayer (> 4 layers) Microwave Products
TLT-O/TLX-0 2.5 0.0006 Multilayer (< 4 layers) High-end Products 
Very Low Loss
TLY-5A 2.17 0.0009 Multilayer ( < 4 layers) High-end Products 
Very Low Loss
CER-10 PTFE/
Ceramic/
Woven
Fibreglass
10 0.0035 Good Heat Dissipator Miniaturidation 
High Power Handling
RF-35 PTFE/
Woven
Fibreglass
3.5 0.025 Low Cost High Volume 
Commercial RF and 
Microwave
600 Series PTFE / Glass 2 .2 -2 .5 0.001 Mechanical Strength High-end Products
Table 2- 3 shows a selection o f products available from Taconic Ltd.
Product Name Base £r @  10 GHz Tan. S @  10 
GHz
Application .
Ultralam® 2000
#
PTFE/
Woven
Fibregalss
2.5 0.0019 Low Cost Commercial Product
RT/DUROID®
6002
PTFE/ 
Glass Ceramic
2.94 0.0012 High-end Products Multilayer 
Miniaturisation 
Microwave Products
TMM® 10 Thermostat 
Plastic / 
Ceramic
9.2 0.0017 Mechanical Stablity High-end Products 
Good Heat Dissipator
R03003® PTFE/
Ceramic
3.0 0.0013 High-end Products Microwave Products
RO3210® PTFE / Glass 
Ceramic
10.2 0.0035 Mechanical Stability Multilayer 
Good Heat Dissipator
R04003® Thermoset 
Plastic / 
Ceramic / 
Woven 
Fibreglass
3.38 0.0027 Mechanical Stability Microwave Products 
Multilayer
Table 2- 4 Selection o f products available from Rogers Corporation [2.22]
2.2 TACONIC, Advanced Dielectric Division
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2.3.5 Heraeus KQ Products
Heraeus KQ products^'^ [2.23] were developed to combat the disadvantage in the 
conventional thick film processing by introducing improved and novel materials in the 
process. KQ materials use a photo-processing technique that gives "Thin Film 
Performance with Thick Film. The photo-processing capability means the pattern is not 
defined only by to the mesh screen as in a conventional thick film process.
KQ500 is an etchable conductor gold with high conductivity (2.6 milliohm per square) 
able to produce as low as 12 micron line and gap with 1 micron edge resolution. It has a 
thickness of 6-8[tm with double print and smooth surface. The photo-processing 
capability of the material also means that it can produce a more precise and controlled 
dimension of lines, which is important for high fiequency application and fabrication. 
Also, good bondability is crucial for integration with ICs.
KQ550 is a direct print conductor paste having the same gold paste technology as KQ500. 
It is able to print fine lines down to 50|xm with conductivity of <3.5 milliohm per square. 
KQ115 dielectric is a mixture of pure silica/borosilicate glass with very low loss (tan Ô = 
0.0004 @ 20 GHz). It has a low 8r value of 3.9 and thickness between 12-18p,m for a 
single print. It is a photoimageable paste where etching is not required and is able to 
produce 50|xm vias. KQ150, a direct print dielectric paste, is able to produce 250]Lim vias.
This product range was designed to be compatible with Alumina substrates (96% or 
99.6%), Beryllia, glass, quartz, LTCC etc. It is designed for application and integration 
with microwave circuits, high-speed digital technology, and high power technology.
2.3.6 Hibridas HDIOOO
Hibridas HDIOOO is a photosensitive dielectric paste and is compatible with ceramic 
substrates such as Alumina. It is used in thick film technology for planaiVmultilayer 
circuit using a screen printer. It is suitable for MCM-C technology and is compatible with 
the HC Series conductor paste. The product has been used in the fabrication of dielectric 
filled waveguides and is considered further in Chapter 5.
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2.4 Substrates
For the fabrication of any circuits or waveguide, the substrate is an important base which 
the structures are built on. The purpose of it is (1) to provide easy mechanical handling of 
the sample as it goes through the fabrication process, and (2) to provide a strong base for 
the circuit which will not react with any chemical nor modify the characteristic of the 
dielectric or conductor laid on it.
Several substrate types are suitable for the fabrication of a rectangular waveguide. 
Alumina is a dielectric with £r of about 10, and is sold with a purity of 96%, 99.5% and 
99.6%. One of the main distributors is the COORS Ceramic Company Ltd. [2.24]. The 
product called Superstrate® 996 has one of the smoothest surfaces. For high line 
definition, ADS-996 (99.6% Alumina) and Superstrate® 996 is an ultimate choice.
Table 2- 5 shows a selection of the substrates which are readily available and cheap. 
Information for FOTURAN X is given in [2.25].
Br @ 10 GHz
ADS-996 10 0.0003 Thick Film Technology, 
Multilayer (MCM-C)
Silicon 11.9 0.04 Thin Film Technology, 
Multilayer (MCM-D), Spin 
Coating
FOTURAN X 5.7 0.0025 MEMS, Micromould
Green Tape™ 7.8 0.0015 MCM-L, MCM-C (LTCC) 
Thick Film Technology
Quartz 3.78 0.0001 MEMS, Micromould
Table 2- 5 A selection o f substrates recommended for various processes
2.5 Conclusion
A selection of materials and fabrication technologies had been presented in this chapter. 
They are, by far, the most promising candidates for the fabrication of the dielectric filled 
RWG in terms of cost and complexity. There are other more complicated methods
Heraeus Incorporated Cermalloy Division
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available such as Plastic Injection and Reactive Ion Etching (used in MEMS), but they are 
not discussed further in this thesis.
The choice of technology for the fabrication of dielectric-filled RWG, has been focused 
on a few methods: (1) Milling machine technology that uses laminates and organic PCB 
products for processing in MCM-L technique or normal PCB process. (2) thick film 
technology which exploits the use of photoimageable material e.g. Hibridas or Heraeus 
products, to construct tlie structure using the screen printing technique: MCM-C and 
LTCC. (3) Thin film technology incorporating the spin coating technique with SU8 to 
construct a mould structure for plating and filling with a spin-on dielectric. The spin 
coating technique is not covered in this thesis, since the process was caixied out by 
another researcher.
The choice of the material, especially the dielectric, will affect the electrical 
characteristics of the structure e.g. size, attenuation, multimoding, etc. The choice of 
fabrication technology will effect the mechanical and physical aspects of the design 
including the surface smoothness, thickness of material, deposition of metal, complexity 
of the design, costs, etc.
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Chapter 3
3 PCB machining for RWG fabrication
3.1 Introduction
Printed circuit board (PCB) technology is a low cost fabrication technique for the 
microelectronics, RF and microwave industries. It is known to provide 3 general 
functions required within the microelectronic industry [3.1]. It provides mechanical 
support for the mounting of devices and components, it provides electrical connection 
between circuits and components, and it provides legends to identify the components in a 
complicated circuit boai'd. With current development in high speed applications and 
miniaturisation, demand for applications operating at higher operating frequency has 
pushed further the demand for higher track density, microvias, small gaps etc. 
Advancement in microelectronics for these applications has also pushed engineers to look 
at different boards able to satisfy the mechanical and electrical requirements, and to 
improve the design technique and fabrication methods.
Improvements in the processing technology and the new laminates introduced by PCB 
board manufacturers have allowed PCB technology to be used in much more advanced 
circuit design. This can be seen in the advanced PCB technology known as the Multi- 
Chip Module-Laminate (MCM-L) technology. This implies that most PCB boards (or 
laminates for multilayer process) can have more than 1 layer formed laterally and 
vertically, with improved track density and smaller gaps.
There are many advantages using PCB technology especially for circuit designers since it 
has evolved over the years and also numerous tools available to aid the designer. For 
example, once the prototype layout is fabricated, tested and approved, there is little need 
to inspect the board production because the process is stable and has excellent
26
Chapters. PCB Machining fo r  RWG Fabrication
repeatability. There are numerous computer packages that can accurately model and 
simulate the circuit, e.g. HP ADS. All the necessary calculations within the software e.g. 
tracks characteristic and gaps between line can be easily modelled, and serve as a 
guideline for the design engineer to accurately predict the behaviour of the circuit. Also, 
this will allow necessary control over the transmission line’s characteristic impedance. 
Other advantage is the accessibility for fault finding since the signal tracks on a prototype 
can be probed anywhere inside the circuit without fear of short circuit and testing any part 
of the board is not time consuming. This saves time especially for large complicated 
circuits. Also, mass production is possible once the prototype is completed. PCB soldered 
joints and wiring are repeatable by using a dip solder bath or wave soldering machine. 
Very large boards (e.g. 420x380mm^'^ ) can be processed, with resolution down to 
0.005mm and with a minimum of 0.1mm line and gap, and 0.2mm via diameter hole , 
making cost very low for mass production.
In making the conductor tracks on the board, chemical etching is generally used. But 
another method in manufacturing the PCB board is using the PCB Circuit Plotter or PCB 
Milling Machine. The PCB milling machine is an in-house production system that enables 
circuits to be built quickly without hazardous material and chemicals. It offers a quicker 
turn round compared to commercial board manufacturers [3.2], It is an automated or 
semi-automated process with only one technician required. Minimal requirement of space 
is needed for the machine, allowing it to be set-up in small labs. It allows construction for 
prototypes and also complicated circuit boards with soldered components. As well as 
processing PCB boards, it can engrave aluminium, copper, flexiboards or plastics.
For this research, a milling machine was used to fabricate a proof-of-concept dielectric- 
filled rectangular' waveguide (RWG). Since it has the ability to mill and also engrave, it 
can be employed to construct high-Q low loss circuit structures using PCB board or 
laminates. Hinken demonstrated the use of machined dielectric slab in [3.3]. The 
waveguide used polystyrene as the dielectric and used a spraying technique to coat the 
slab with metal. Further thickening for the metal wall was done using the electroplating 
method.
Information taken from ProtoMat® 95s
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The same concept was applied but using a milling machine. This chapter will explain 
step-by-step the method used in developing the dielectric-filled RWG. A summary of the 
stages undertalcen is described thoroughly from the design stages to the production phase. 
More detailed technical aspects of the milling machine aie available in the manual [3.1].
A rectangulai* waveguide worldng at X band (8.2-12.4 GHz) using substrates from 
Taconic was constructed and tested and is described at the end of this chapter. The result 
of the tested RWG is presented, to verify the behaviour of the waveguide by using this 
fabrication process. Also, some discussion and proposals are included at the end of the 
chapter to improve the performance or to investigate other waveguides, at microwave and 
millimeter-wave frequencies.
3.2 Milling Machine and Requirements
The milling machine [3.3] available in the UniS Electronics Workshop is the ProtoMat 
91sNS manufactured by LPKF CAD/CAM System GmbH, Germany. LPKF has 
experience in circuit boai'd plotters since 1976 and has been a major provider for 
advanced circuit board prototyping. A picture of the machine is shown in Figure 3- 1. 
This machine is the entry-level mill with an A4 sized working platform or bed. Tools or 
apertures aie changed manually and are operated with a high power spindle motor (60000 
rpm) giving a resolution as low as approx. 0.008mm minimum depending on the tool 
used. It also has a diilling capability of up to 60 strokes/min.
The machine costs about £8000, which includes a serial cable to connect to a PC and 
some accessories e.g. drafting tape, Allen keys, alignment pins, tweezers, bmsh, 7mm 
spanner and 2 red strips to place the pins for positioning the boai'd on the working bed. A 
further £325 is required for the tooling starter kit, which includes 50 universal cutters, 5 
rubout cutters, 50 assorted drills, 24 sheets of double sided FR4 and 24 sheets backing 
material (to protect the machine and the tools during di'illing and milling on the working 
platform).
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A  household vacuum cleaner is also required. The hose from the vacuum cleaner is 
attached to the back of the milling machine. It is connected to a built-in hose that is 
attached to the milling head (where the spindle is located), in order to remove the waste 
materials when it is milled or drilled out. The milling process also produces a substantial 
amount of heat from the drills and tools. The heat will degrade the tools and reduces the 
life-span as it operates without any cooling facilities. Hence, the vacuum draws jets of air 
via the spindle head and consequently cools the tool. But due to the excessive noise 
produced by the vacuum cleaner, it is only switched on when the milling or drilling 
process commences. Also, for prolonged exposure, protective ear-muffs are required for 
personal safety.
Working
Tube connecting spindle 
head to Vacuum cleaner
Spindle Head
Figure S - 1 The PCB Milling Machine ProtoMat 91/VS. The Working bed is where the board is 
placed and processed. The Spindle Head will house the tools rotated by a motor, which is also 
attached to a tube all the way to the vacuum cleaner. A computer is required with minimum 
specification and operating Windows S.x or higher. This computer must have a standard serial 
port fo r  communication with the mill. The computer is not used fo r  other task and is 100% 
concentrated on the operation o f the milling machine.
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There aie two software programs required to prepare the layout and run the machine. The 
software is BoardMaster, the driver programme for the LPKF ProtoMat 91s/VS to operate 
the machine, and CircuitCAM, CAD software used to allocate the tasks and tools required 
for the process, check the data and translate the file into a format understood by 
BoardMaster. Upon completion of the design work, the prototype can be machined in few 
minutes (depending on the complexity of the design). This quick turn around is an 
advantage since routine revision of the prototype is quick and fabrication can be 
completed within a day.
The machine is capable of producing small geometries, suitable for microwave 
applications. The board plotter can isolate >200j0.m. Finer lines can be made down to 
100|Tm using micro-cutters. The machine is also capable of machining a vaiiety of boai'd 
sizes (< 1 m^ ) and larger cutters can be used to quickly isolate copper in a big area.
3.3 Rectangular Waveguide Design Procedure
Choosing a suitable dielectric is important in the rectangulai' waveguide design since it 
will dictate the electrical properties and physical dimensions of the waveguide. There aie 
different types of board and laminates available for processing using the milling machine 
or other PCB manufacturing process. There have been significant improvements on the 
selection of these boards with far superior quality than the usual FR4 boaids. Different 
values of dielectric constant (8r) and tangent loss (tan 5) are available, with different 
electrical and mechanical chai'acteristics, e.g. for low loss applications, for high 
temperature applications, etc.
The material chosen for the prototype is from Taconic Ltd. [3.4]. A range of different 
values of 8r, different thickness of metal and dielectric etc. is available, as shown in Table 
2.3. For the low frequency prototype at 10 GHz, TLC was chosen.
This boai'd has copper cladding on both sides of the board. It has an overall thickness of 
0.157 cm. The copper is 32j.im thick. The dielectric is polytetraflouride (PTFE) reinforced 
with woven fibreglass, soft enough for milling tools. According to the manufacturer, the 
material is suitable for applications under 20GHz and the dielectric constant varies from
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3.2 to 3.5 between 10 GHz and 20 GHz. The loss tangent is 0.002 at lOGHz. The board 
was given as free sample by Taconic as part of the study in this area.
b
a
Standard D ielectric Filled RW G 
Specification:
TLC-32-0620-C H /C H -18”x24”. 
b = 1.32 cm 
a = 0.65 cm 
Ef= 3.2
/o= lOGHz (X band) 
fc T E io =  6.7 GHz 
tan. 5 = 0.002 
—2.2c m 
PTFE/Woven Glass
Figure 3- 2 Specification o f the Dielectric-filled RWG designed on TACONIC TLC Material
The parameters of the dielectric-filled RWG design on this substrate are shown in Figure 
3- 2. The waveguide is designed at X band (8-12GHz) frequency range. The size of the 
waveguide is 1.3 x 0.64cm. The part number of the substrate is TLC-32-0620-CH, a serial 
number describing the unique criteria of the material. It explains the type of material 
(TLC) with substrate having £r of 3.2, dielectric thickness of 0.062” (1.57mm) and copper 
thickness of 32pm (0.032mm). The exact thickness b of the dielectric from Taconic (or 
any other PCB manufacture) is for standard X Band RWG (0.65cm) is not available. 
Hence, available thickness i.e. 0.65 is used instead. This will result in a trade-off between 
waveguide height and attenuation. Even though the thickness of the actual board is 
thinner than the calculated thickness, the waveguide will have more significant metal 
losses without influencing the fundamental mode bandwidth [3.5].
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PCB Layout Design
WAVEMAKER
CircuitCAM
Layer 1
Layer n
Gerber layer files: filename.GBR 
Tools/Aperture list Ti\t:filename.txt
PCB milling job
(ground pins, labels, isolation traces, board cutting)
LPICF mill/drill mofileiiame.LMD
filename. CAM
LPKF BoardMaster
LPKF
inilliiig
machine
PCB fabrication
< — ¥ ■
Figure 3- 3 General design steps fo r Printed-circidt board fabrication using the milling machine
Figure 3- 3 shows the general design procedure for the dielectric-filled RWG from 
Wavemaker [3.4] to Boardmaster [3.2]. First, the iayout data in PCB CAD software is 
prepared. Several layers to describe different stages in production phase are also included 
in the design. This data is then exported to CircuitCAM [3.2]. This software will then 
produce several data files suitable for Boardmaster, which controls the machine, to 
understand and caiTy out the fabrication part of the production phase.
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(b) (c)(a)
Figure 3- 4 The fabrication process is as follows: (a) The laminate (Figure 3.2) comes with 
thickness o f 1.57mm with copper cladding on both top and bottom (shaded), (b) After milling, the 
basic shape o f the RWG is obtained, (c) The top metal is patterned with the circuit and the 
sidewalls o f the RWG are then painted with conductive epoxy to enclose the waveguide
Figure 3- 4 shows the simple fabrication procedure used in the milling machine process. 
Copper claddings on both sides of the board serves as an important layer for the RWG 
enclosure (top and bottom metal walls). The dielectric sandwiched between these 
claddings will be used as the ‘dielectric fill’ inside the waveguide. The board will mill the 
shape of the waveguide producing a partially completed structure. The final phase is to 
isolate the copper to produce any circuit structure on the copper layer.
Before starting the production phase, the board is initially cut into A4 size to fit the 
milling machine working bed ( see Figure 3.1 ) by using the guillotine. Using drills about 
316mm diameter, 2 holes were made carefully to fit the board on the machine on the 2 
retention pins. The board is secured and strapped with tapes to minimise the board 
movement during the process. The board is then ready for the next processing stages i.e. 
data preparation.
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DESIGN:
DESIGN OUTLINE
DIELECTRIC
CIRCUIT BORDER
TOP METAL MILL
WET ETCH*
*Required only for wet etch
WAVEMAKER™
NAME 
ASSIGNEDTO 
EACH LAYER:
LAYER
REQUIRED:
RUBOUT"
BOARD
OUTLINEf/
CUTTING
OUTSIDE
T O P  L A Y E R
Made
Invisable
CIRCÜITCAM
PRODUCTION
PHASE:
CUTTING ' ^
MILLING
TOP
BOARDMASTER
Figure 3- 5 Files required during designing stage to production phase
Figure 3-5 shows the actual files created and used in the design flow described earlier in 
Figure 3-3. Some files generated are transferred to another software package and 
manipulated, combined or renamed. This will be explained more in the next section.
3.3.1 Circuit Design Using Wavemaker
Layout data for the circuit is initially prepared in a PCB CAD package able to generate 
Gerber foimat files to be exported into CircuitCAM. For this, WaveMaker^^^"^ is used. 
WaveMaker'^'^ produces 3 software products i.e. WaveMaker LAYOUT, WaveMaker 
LINSIM, and WaveMaker WAVEFORM. WaveMaker LAYOUT is used to define the 
metallised circuit pattern on PCB board, semiconductor devices, RF and Microwave 
circuits, and optoelectronic integrated circuits. It is written to help the designer to quickly 
design accurately and easily planar or multilevel design, that can be saved in different 
formats used in other software i.e. AutoCAD, Sonnet®, HPADS etc.
3.2 By BARNARD Microsystems Inc.
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From Figure 3-5 (under Wavemaker box), five different design layouts are required for 
various parts of the production phase. Design Outline provides the skeleton data for the 
design preparation. This data is not imported into CircuitCAM. During the layer 
preparation task in WaveMaker, it is important to have a skeleton design which all other 
design information is based on. The layer is shown in Figure 3-6.
The main layers used in the design stage are the RWG physical structure (dielectric), 
border (circuit border) and top layer metal for milling (copper isolation). These are the 
files imported into CircuitCAM. The copper isolation layout is used to define areas where 
coppers will be milled, as shown in Figure 3-7. Circuit border is used when multiple 
waveguides are machined on the same board for batch processing. This is shown in 
Figure 3-8. The actual size of the dielectric structure for milling is shown in dielectric 
layer shown in Figure 3-8.
Although the milling machine can be used to insulate the copper from the dielectric, there 
are situations where wet etching is prefened. This depends on the type of dielectric 
contained in the board especially those having reinforced woven glass. For ceramic filled 
dielectric, insulating using the machine is sufficient. But for woven glass type dielectric, 
lose debris and fabric is formed when insulating the surface of the dielectric. Hence, for 
high quality copper removal without loosely attached debris, wet etch is preferred. It is 
also capable of producing sharper comers better and resolution.
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Hum
Figure S- 6 Data Skeleton Layer
Figure S- 7 Top metal layer data fo r  patterning/insulating the top copper metal clad on the 
dielectric. The lighter part will contain the copper, whereas the darker parts shows the area and
border fo r the copper to be lifted
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Figure S- 8 Border o f the circuit on the dielectric layer
m
Figure S- 9 Dielectric layer data showing the shape o f the dielectric (and eventually metal) to be
milled
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# # # # & # :
m # N N %
(1) (2) (3) (4)
Figure S - 10 Screen Dump showing the overall layer design based on the skeleton data. Data are 
labelled as follows: 1) Top Metal Layer, 2) Skeleton Layer, S) Dielectric Layer, 4) Border
Figure 3- 10 shows the completed layers superimposed on top of each other, giving an 
idea how each layer is referenced to the others. The skeleton layer that serves as a base 
for all the other layers is very important during planning. This is because other layers use 
it as a reference for position and measurement. Another consideration put into the design 
is the minimum tolerance that the tools are able to machine during milling or engraving. 
For this process, the smallest gap that can be milled is 0.2mm. Also shown is the border 
of the circuit. This will isolate the circuit during processing from other circuits.
3.3.2 Design Transfer from Wavemaker to CircuitCAM
CircuitCAM is a software that combines Computer Aided Design (CAD) and Computer 
Aided Manufacturing (CAM) programmes. It requires several data and design 
information for the circuit to be included via several entries from WaveMaker’^ '^ . The 
programme then imports, checks and edit the circuit board layout in various CAM format 
and then outputs them again in CAM format (LMD). It is used primarily in calculating the 
isolation channels between the conductor tracks in the circuit board prototype production 
using LPKF circuit board plotters.
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In summary, data required by CircuitCAM are as follows:
a) Tools/Apeiture list file (^,TXT)
b) Component side data (*.GBR)
c) Solder side data (*.GBR)
d) Drilling data (*.EXL)
The first data required for CircuitCAM is ta list of the tools/apertures (refer to Figure 3- 
3). It can be written out in noimal ASCII as a text file and imported into CircuitCAM. 
Only aperture data is used since there will be no diilling during the RWG fabrication. The 
content of the file includes sequences of tool applied during different production phase on 
the milling machine. The information required for this file is the tool name, type and size. 
Refer to Appendix B for the aperture listings available from a tutorial in CircuitCAM.
It should be noted that inconect representation of these data would result in inconect 
representation of conductor tracks and pads in the graphic window. These objects will be 
too large or small in size, displayed in an incorrect form or position. Hence, the file is 
thoroughly checked at this stage before being loaded into Boardmaster.
There are two types of tool/aperture needed during machining. They are Universal Cutter 
and PCB Router. The Universal Cutter is used to insulate the copper layer. It is able to 
isolate channels (or gaps) from 0.2mm -  0.5mm (depending on the depth set) on 15 -  
70|im copper thickness. It costs about £16.00 each and only is sold in a box of 10. The 
PCB PCB Router is used to cut the material into shapes and sizes. For this task, the type 
used is the 0.1mm diameter one with tolerance of ±0.02mm. This tool costs about £12.00 
each. The aperture/tools aie subject to wear and tear after some time and will have to be 
replaced.
In Figure 3-5, each data layout from Wavemaker is imported individually into 
CircuitCAM. For example. Top metal mill in gerber foimat is imported into the 
CircuitCAM via the window shown in Figure 3-11. It is imported into a coiTesponding 
production layer known in CircuitCAM as Top Layer. There are different layers defined 
inside CircuitCAM for different production phases / jobs on the PCB. They are also
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classified into different priority level and Top Layer is the priority. Other layout data 
are defined from W aveM aker to CircuitCAM  as follows:
Dielectric -► Rubout
Circuit b o rd er Board Outline
Information imported from Wavemaker to CircuitCAM  is used for different phases of 
production. The most important ones are Top Layer (where the tracks layouts information 
are placed), Board outline (to mark the edges of each waveguide set machined on the 
board if there is more than one set), and Router (to isolate areas for cutting). But to make 
the task easier, both phases {Board outline and Rubout) are combined under one 
production phase and processed using the same tools.
Both production phases are then combined under one name i.e. Cutting Outside.
mrLCutf! Cancel
Fie-Type:
 ^ F  Apertures/Toolî auto 
* Apeftufei^Tools select
F  G eftw ^  r  Excelpn# 
r F  Sieb&Meyef 
F  HP-GL 
F  DXF 
 ^ F  BaicçhDPF 
I f  IEciV82'{IPC-0-350D) - r  C^cwtCAW2x(EDIF)
Aperture/'T ool List
TLC Tools
TopLayer
BoltomLayet 
DriilPlated 
DrinUnpiated 
BoardOutline 
Textlop 
TexlBotlom
Figure S - 11 Screen-dump showing Import window in CircuitCAM
As mentioned before, CircuitCAM  was used to prepare the production phase data for 
Boardmaster. The tools required for each phase are also defined in the programme. Also, 
different process priority can be programmed. Both Top Layer  and Cutting Outside (after 
combining Board Outline and Rubout) production phase on the CircuitCAM  interface are 
shown in Figure 3-12 and Figure 3-13. The grey line signifies the actual route and 
diameter of the tool during isolation.
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Before exporting the data to Boardmaster, for safety reasons, the Web is added into the 
design. A completely milled piece of circuit board can be a hazard since it can be thrown 
by the high speed rotating mill head. This is dangerous and can cause damage to the 
machine and operator. It will also destroy the aperture or tools. Hence, a w e b  is inserted 
strategically into the Cutting Outside layer as depicted in Figure 3- 13 to connect all the 
circuit pieces board to the board material. The w e b  can be made into different widths. For 
example, 1.0mm width is shown in Figure 3- 14.
______________ I-1*1 XI
Figure S - 12 Screen dump showing the grey shades o f Board Outline in CircuitCAM after 
importing Figure S- 9. TopLayer is also shown in darker shade after importing from Figure S - 7
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Figure S- IS Screen dump showing combined Board-Outline and (from Wavemaker) Rubout layer 
made invisible and moved to Cutting Outside layer. Notice the small web inserted to the outline of 
Board-outline and Rubout layer. This will be used to protect the sample and user from any flying
debris or thrown sample
3.4 LPKF Boardmaster
LPKF BoardMaster is the software that provides the graphic interface to control the 
LPKF ProtoMat 91s/VS circuit board plotter shown in Figure 3- 1. It imports data 
generated by CircuitCAM in LMD format or any other HP-GL data format for displaying 
them graphically on the screen the processing it together with process and job 
information. These data are displayed graphically using the representation of WYSIWYG 
(What You See Is What You Get). This representation of the data via the Windows 
interface gives access to manually control the circuit plotter and incorporates the tool 
library with all the requisite information for large automatic prototype production.
Briefly, the entire operation on the circuit plotter can be summarised into 3 steps 
explained in the next subsections.
3.4.1 Data export
The *.LMD or any HP-GL production data is imported into the BoardMaster. This is 
done in File<Import menu by selecting the LMD or LPR format. Tools/aperture is
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assigned in the Tool Assignment for milling and insulating. This will allow the software to 
prompt the user to insert correct aperture during the production phase
3.4.2 Board placement
Boaid IPiotoHal 9 ts /V S l <dclauft>
e» CwfàurM» Solo WP «IB
6 . Cutting
Mst«t r BftMUuiuAwN 0 B o « d  Mattel ÎPiotoM 1256
Figure S- 14 Screen dump showing the ‘Cutting’ Production phase (highlighted using ‘ALL+’ 
command) which was originally defined as Cutting-Outside in CircuitCAM.
Boardmaster will place any chosen production layer by the designer and display them on 
the working area, as shown in Figure 3- 14. The working area can be resized to suit the 
actual size of the board. The board is placed securely using the retention pin and on the 
working area on the machine. Another ‘sacrificial’ board layer is placed underneath the 
board to allow the tool to penetrate or mill through the board.
The designer has a free choice to place the prototype / area to be machined on any part of 
the working area. Careful placing of the prototype on the working bed is important. The 
prototype mustn’t be placed near the end of the board or on the retention pin that holds 
the board securely on the working bed. Figure 3- 14 shows the default position of the 
prototype at zero co-ordinates on the working bed (middle of the board).
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3.4.3 Processing
It is important to switch on the vacuum to draw the air through the spindle cool the tool 
and deal' the waste or debris made during the process. By clicldng ‘OK’ on the user 
interface, the machine will stait and request for change/insertion of coiTect tools. Then, 
the spindle will warm up for about 3 minutes. The designer must select and highlight the 
layer that needs processing. Once started, it will process the highlighted parts. Once 
processed, the completed parts will be de-highlighted from the job lists on the softwaie 
interface on the computer screen. Once finished, other job from the pull-down menu in 
the software are chosen, the tool is changed and the process continues.
3.5 Rectangular waveguide simulation
The design of the dielectric-filled RWG follows the specification given in Figure 3- 2. 
The RWG is simulated using HPADS software. The first simulation uses standard size 
RWG for dielectric constant 8f of 3.2. The standard size for 10 GHz is 1.32 x 0.65cm. The 
simulation does not include the effect from the transition. Another RWG is simulated 
having the same dimension as before but the height of the waveguide is reduced from 
6.5mm to 1.57mm to simulate the actual height of the board itself. Hence, the size of this 
waveguide will be 13.2 x 1.57 mm.
The retum-loss and insertion-loss for both waveguides are shown in Figure 3-15. The 
length of the waveguide is chosen to be % Xg i.e. 1.68 cm. The frequency range simulated 
was between 1 to 20 GHz to demonstrate the behaviour of the TEio mode. From 
calculation, the cut-off frequency calculated is at 6.7 GHz. This result agreed with both 
simulation where the cut-off fundamental frequency mode is at about 6.7 GHz. Hence, the 
fundamental cut-off frequency is independent of the waveguide height.
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Figure 3-15  Results from Agilent HPADS simulation, (a) Shows the simulation fo r the standard 
RWG (1.32 X 0.65 œi), (b) Shows the simulation fo r  reduced RWG height(1.32 x  0.157 cm) to 
include the actual thickness o f the Taconic TLC laminate
The next mode i.e. TE20 will stait (from calculation) at 13.3 GHz, but is not shown in the 
simulation since HPADS only supports the fundamental mode (TEio) and evanescent 
mode below the fundamental cut-off frequency. Calculation also shows that for both sets 
of waveguide dimensions, the second mode starting frequency didn’t change. Again, this 
shows that the fundamental bandwidth range of the waveguide and TE20 or higher modes 
aie not affected by changing the height of the waveguide.
The attenuation for the TEio mode for the dielectric-filled RWG using standaid size and 
the actual RWG size was also simulated and the result is plotted in Figure 3- 15. It was 
found that for dielectric-filled RWG, as height decreases, attenuation increases due to the 
high ratio of surface to cross-sectional aiea [3.6]. Loss for metal-pipe RWG (air filled) 
was also included for compaiison. Figure 3-16 also showed metal-pipe RWG has far 
better loss compared to both dielectric-filled RWG. The loss for the actual boai’d height 
for TLC is > 0.16dB/mm.
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Figure 3- 16 The TEio mode attenuation fo r rectangular waveguide with different dielectric i.e. 
air and TLC board (PTFE/woven-glass). Also comparison between losses in standard dielectric- 
filled waveguide size (1.32 x 0.65cm) and reduced height (1.32 x 0.157cm)
3.6 RWG Measurement at X band (8-12GHz)
The machined dielectric-filled RWG calibration set designed for X Band is shown in 
Figure 3-17. Guides of various lengths are used for the calibration using Multicaf .^ The 
sidewall is metallised using conductive glue. The method used to calibrate the RWG 
measurement is the TRL method (Thru-Reflect-Line). The dielectric-filled RWG calibrate 
set is made from one Open-Circuit waveguide pair, one Through waveguide, and 2 delays 
at Àg/4 and 3Àg/4. Data shown in Table 4 -1  was entered into the Multical software. Then, 
each RWG sample is connected to the Vector Network Analyser (VNA) according to its 
length and the data is collected and processed. As a result, this calibration will calibrate 
out the SMA port and transition, giving the pure dielectric-filled RWG result.
Description ,
.................... .................................. :
Type Date m Length
12 mm line Line Wglinel 1.2 mm
4 mm line Line Wgline2 0.4 mm
Thru Thru Wgthru 0.0 mm
Short short Wgshort 0.0 mm
Table 4- 1 The information needed by Multical for TRL calibration
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Figure 3 -17  Dielectric-filled RWG from the Milling Process with dijferent calibration pieces. 
SMA connectors are soldered to the input and output o f the microstrip line.
The value for wavelength A,g used in defining the length of the waveguide is calculated 
using the equation (3.1). At operating frequency of lOGHz, the value determined for Xg is 
16mm.
... (3.1)
Where; a = width of the RWG 
fc = cut-off frequency 
fo = operating frequency
The result for the phase constant (fi) for the RWG is shown in Figure 3- 18. The result 
shows the waveguide propagating from its cut-off frequency (fc) at about 6.7 GHz as 
calculated before. It then propagates until 12 GHz following the same curve with the 
calculated result with slight disagreement between 1 0 - 1 2  GHz and is believed to be 
caused by the dielectric inhomogenity that resulted in other modes propagating inside the 
waveguide [3.8].
The attenuation result of the waveguide was also observed. Due to the sensitivity of the 
TRL technique, especially when measuring attenuation, repeatability has always been an 
important factor that determines the success of extracting this result via Multical. The
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samples are connected and disconnected from the coaxial line that is connected to the 
VNA. At the input and output port, the connection into the microstrip line is made with 
soldered SMA connectors. Soldering will inevitably produce misalignment in each of the 
waveguide since they are manually done by hand.
The result in Figure 3-19 shows a comparison between measured and calculated 
attenuation results. The equation used for calculating the attenuation is taken from [3.5]. 
The result was taken after the cut-off frequency (about 6.7GHz), where attenuation is very 
large. The result shows 0.15dB/mm loss between 7 - 1 0  GHz, and it agrees well with the 
calculated result. But due to the sensitivity of the calibration technique, the result 
becomes unpredictable after lOGHz but still shows low loss. This is again attributed to 
the reinforcing glass fibre content inside the dielectiic.
Both results (attenuation and phase constant) shows proof-of-concept that PCB machining 
technique and boards using a circuit plotter can be used to make low cost rectangular' 
waveguide. It achieves the expected characteristics of the waveguide i.e. cut-off 
frequency, phase constant and attenuation. Its advantage is that it is easy to machine and 
relatively cheap to process. But the main difficulty is finding an available material that is 
able to make good waveguides for frequency >20GHz. The material used in this process 
is believed to result in unwanted modes inside the waveguide.
This result can be further improved using ceramic dielectric using laser machining 
techniques and proper metallization techniques for vias and sidewalls. As for organic 
boards, PTFE based materials e.g. DUROID™, low loss epoxy and TEFLON™, are good 
candidates for this process. These materials have better tangent compared to FR4, or any 
board with woven fabrics.
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Figure 3 - 18 The measured value o f the RWG compared to the calculated value using 6r~3.22
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Figure 3-19  Measured and calculated attenuation o f milled RWG
3.7 Conclusion
PCB manufacturing is used extensively at RF and microwave frequency. It uses a cheap 
manufacturing process that allows, circuits to be realised for frequency < 10  GHz on low 
cost substrates. Furthermore, advancement in the fabrication technique has now 
introduced MCM-L technology that allows multilayer circuits to be made and higher 
frequency to be achieved.
Advancement in materials has made PCB technology able to increase its operating 
frequency and realise smaller tracks and gaps. New PCB boards from various 
manufacturers are available with different dielectric content ranging from cheap woven-
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glass to ceramic filled dielectric for different electrical properties. Also, different 
thiclcnesses of dielectric and copper cladding are available for better electrical 
performance and mechanical stability for certain requirement i.e. high temperature, power 
etc.
This is a potential process for fabricating dielectric-filled RWG prototype because of the 
waveguide physical property that is possible under this fabrication technique. Also, the 
milling machine is already widely available. Hence, combining both PCB, milling 
machine to cut the structure, and PCB wet-etch process to improve the definition of track, 
the dielectric-filled waveguide can be constructed.
The disadvantages encountered in the milling machine process aie as follows. The tools 
used to engrave the copper layer can engrave down to 0.2mm gap. There were reports that 
0.1mm diameter tool is available. But it’s too brittle for this operation and very expensive. 
But for this process, 0.2mm tolerance using tlie Universal Cutter is quite sufficient. The 
tools are manually inserted and manually set to control the depth it cuts into the copper. 
This is done by using some sample cuts and measuring tools (or a special equipped 
microscope) to measure the resulted gap. Also, the tool produces a round corner at the 
edge that might contribute to some discontinuity for millimeter-wave structures.
The etching process on the other hand produces a shaiper circuit pattern. It is only limited 
to the lithography process applied and currently can only go down to 0.2mm gap, which is 
equal to that of milling machine process. But for the waveguide fabrication shown in 
Figure 3-17, combination of both milling machine and etching was used.
In Figure 3- 17 the milling machine is used to cut the structure, while etching is used to 
pattern the copper side. It is found that this process is adequate for low frequency since 
the structure is laige enough and doesn’t require careful precision during the lithography 
process. But another problem emerged was how to metallise the sidewalls. The temporary 
method used was to paint conductive epoxy on the sidewalls. In industry, electroless 
copper is used to deposit copper on plastic surfaces. This method can be applied to this 
process but unfortunately there aie no resources available for this process at UniS.
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Evaporation was used but it was discovered that there was no adhesion between the silver 
and the dielectric due to its rough surface (>50p-m).
MCM-L fabrication technique is a good candidate for future design on advanced PCB 
technique. Selection of low loss laminates is available and vias can be made using drills, 
then electroplated.
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Chapter 4
4 Photoetchable Thick Film Technology
4.1 Introduction
Thick film technology was developed in the 40’s, and found it’s way into commercial 
applications in the 60’s. It has been part of a range of technologies used in the 
advancement of the microelectronics industry. The group of technologies is known as the 
hybrid technology.
Conventional thick film technology was used in circuit design for digital circuit and 
design in the lower microwave region. It is used mostly for interconnections between 
components and for planar distributed circuits. The fabrication process consists of simple 
steps that aie repeated several times. The most important step is screen printing, where 
ink or pastes is printed on a substrate in almost the same process as in the fabric-making 
industry. The ink or pastes are forced through an opening on the screen using a squeegee. 
As the paste comes through, it will rest on the substrate resulting in a pattern forming the 
electrical circuit. Today, improvements are seen in almost all aspects of thick film 
technology but the procedures remain essentially the same.
Multichip Module (MCM) technology has changed the approach used in conventional 
hybrid technology by introducing a 3-Dimensional (3D) approach in the design. With 
this, different circuit structures i.e. 3D circuits and waveguides can be processed and 
embedded together on different layers, on the same substrate.
This chapter will investigate the use of thick film technology with new processing 
techniques and improved thick film pastes to fabricate the dielectric-filled RWG.
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4.2 Comparison with other microelectronic technologies
PCB technology, as mentioned in chapter 3, is a mature and well-established technology. 
It is used for high volume and low cost production for RF and lower frequency circuits. 
Today, the advancement of this processing technology has allowed more complicated 
high-density circuits to be fabricated. For example, the use of double-sided copper clad 
board with maximum dielectric thickness of 1.6rmn with plated through hole using 
MCM-L technology for front end applications [4.1]. But due to its dielectric characteristic 
and the constraint in the patterning or photolithogiaphy process, the frequency range for 
PCB is normally intended for application below lOGHz. But the use of PTFE materials, 
fine resolution etching and micro via technology can push the operating frequency well 
above lOGHz.
Thin film involves the use of vacuum deposition technology to deposit a layer of metal on 
the substrate, which is then thickened by an electroplating process. Even though the 
process gives improvements in performance, higher frequency and miniature size, it has a 
considerably higher cost than thick film. But we shall see later that there are new thick 
film materials that will rival the perfonnance obtained by thin film processing. In terms of 
surface smoothness, thin film far outperforms thick film technology.
In general, combining a number of different devices into a single multi-chip module has 
the following advantages:
(1) reasonable cost for high perfoimance
(2) higher power capability
(3) physical and mechanical advantage
(4) more versatile
(5) offers better packaging and functional complexity
But thick film technology in particular was found to be a good choice for fabricating the 
dielectric-filled RWG. It was chosen because it offers:
(1) low cost
(2) design and process simplicity
(3) novel material choice (Thick film paste: Direct Screen Print/Photoimageable/ 
Photoetchable)
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4.3 Process Overview
As mentioned before, a basic thick film process comprises 3 steps. These steps ai*e print, 
dry and fire, as shown in Figure 4- 1. The Print step uses screen printer to print the circuit 
through the mesh screen. The ink used in the printing is the thick film paste. The screen 
printing process and the next 2 steps i.e. Dry and Fire process aie each explained in the 
next sections.
Figure 4 -1  Conventional thick film  fabrication procedure
4.3.1 Screen Printing Process
The screen printing process requires a screen printer and a patterned mesh screen. During 
the printing process, the screen printer holds the mesh screen positioned above the 
substrate. Then, a metal sweeper spreads the wet paste across the printing area. This is 
followed by a hard synthetic rubber squeegee which sweeps across and squeezes some 
wet thick film paste through the mesh wire with patterned emulsion onto the substrate. 
The mesh screen has the circuit pattern made photographically on the coat of emulsion.
The screen printer available in the laboratory was the DEK1202, shown on Figure 4- 2. It 
is a compact bench-top hybrid printer with interchangeable feed systems. It suitable for 
vaiious applications from manual work to automatic operation for mass production. The 
maximum print aiea on this machine is 102x102mm. At the University of SuiTey, this 
printer is manually operated; the substrate is inserted by hand and the quality of the 
product is controlled by optimising the settings of the machine.
To achieve a high quality finished product, certain factors during the printing step must be 
optimised. Some paiameters are fixed and are not changeable e.g. size of print, substrate 
size etc. But there are other adjustable factors that can be controlled by the user. They are 
printing speed, printing pressure, sweep pressure, environmental conditions and snap-off 
distance.
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g
Figure 4- 2 DEK1202 Screen Printer
The environmental factors are temperature, dust and humidity. In the laboratory, the room 
temperature suitable for printing work is between 16-25°C. The thick film paste viscosity 
becomes higher when it is used below the recommended temperature. This will reduce the 
print quality because of pin marks on the surface print. Also, levelling or smoothing of the 
paste after printing is poor. Higher temperatures will effect the levelling of the paste: the 
paste becomes too runny. It will level or smooth too quickly and this is become a problem 
for small gaps and narrow lines. Also, it alters the dimension of printed lines, and will 
effect the result especially at high frequency.
A clean room with air filtering to eliminate dust particles is required. Small air borne 
particles coming from the surroundings can be trapped inside the printed pattern during 
printing and produces carbonised particles within the structure after firing. This will 
impair the physical aspect of the pattern, change the characteristic of the circuit and will 
produce low yield. The dust particles in the room could be further reduced if the operator 
is fully clothed with proper clean room attire.
An important parameter on the screen printer is the squeegee pressure. The squeegee is 
used to force the paste through the mesh screen onto the substrate during the printing 
process. Too much pressure will flood the substrate and reduces the pattern quality. On 
the other hand, less pressure produces a low quality print. The pressure is optimised by 
making a few prints and changing the squeegee pressure, normally varied between 15 -  
25 N/cm, i.e. the pressure applied on the mesh screen. It is dependent on the type of paste 
used.
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There is a gap between the screen and substrate. This gap is referred as the snap-off 
distance. This allows the mesh screen to ‘peel off’ and leave the printed pattern on the 
substrate. It is important to set the snap-off distance at about 1.2mm. This distance allows 
the peeling off process to occur while still retaining the tension of the wires. When the 
squeegee squeezes the paste through the mesh, the screen is depressed on the substrate 
during the print stroke and snaps away into its normal position afterwards. During this 
process, the paste will become becomes less viscous for a short moment and is easily 
forced through the mesh. But as soon as the mesh peels away from the substrate, the paste 
(in the form of the printed circuit pattern) will recover its high viscosity. This is due the 
behaviour of the thick film paste owing to its composition.
An example of the frame is shown in Figure 4- 3. The screen frames are made of 
Aluminium. It is lightweight, easily machined and mounted for automatic and semi­
automatic screen printers. Another type of frame in the extruded Aluminium, reported to 
be used mainly in larger automated systems [4.2]. The purpose of this frame is to provide 
a stable and rigid support for the stretched mesh wire. It is then bolted on another frame 
which has grooves to hold the whole frame (screen frame and frame) into the screen 
printer.
EMliiVlON
PRINT
AREA
Figure 4- 3 Photograph o f the mesh frame and mesh screen. The emulsion in the middle o f the 
screen has the print pattern to allow pastes to squeeze through and rest on the substrate. The 
maximum printing area is less then 1/3 o f the whole area o f screen
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The mesh screen is glued onto the Aluminium frame with the circuit pattern in the middle 
of the frame aiea. The circuit pattern area uses an emulsion that is applied on to the mesh 
wire and patterned. The emulsion serves 2 puiposes. First, it is essentially to foim a good 
seal (gasketing) between the screen and substrate during printing so that the pressure from 
the paste won’t spoil the pattern quality. Another is to define the circuit pattern itself. The 
pattern area usually takes about 1/3 of the whole screen ai*ea. For example, a 6” x 8” 
screen gives a maximum 4” x 4” pattern aiea. This has its purpose i.e. to produce higher 
life span of the mesh screen where smaller printed area with naiTOw squeegee 
significantly increases number of prints that can be made before the elasticity of the mesh 
screen begins to degrade.
The emulsion is applied using one of the following methods: direct screen, indirect screen 
and direct-indirect screen [4.3]. It up to the choice of the manufacturers to use either of 
these methods but direct screen seems to be preferred due to its long life. The thickness of 
the emulsion helps determine the thickness of the paste squeezed on the substrate.
The mesh wire uses stainless steel wire interwoven together. There are also other types of 
meshes used but they are physically inferior to the stainless steel. The physical property 
of this material i.e. low stretch (high-tension strength) and the ability to retain the cross- 
sectional shape during printing are essential for the process. The mesh screen also has 
some design problems that effect the quality of the circuits printed. This is mostly due to 
the iiTegularities at the edge of the printed patterns by the alignment of the wire and the 
emulsion.
To minimise this problem, an optimum solution is used i.e. to mount the mesh at an angle 
of 22.5^. For the choice of mesh screen, the number of the wires per inch is the factor to 
consider. It is largely dependent on the paste (resistor, dielectric, conductor) grain size, 
which regulates the appropriate open area of the screen and the wire diameter that 
governs the thickness of the print. For a standard grade stainless steel wire, resistor paste 
normally requires 250 wire/inch, dielectric paste uses 360 wire/inch, and conductor paste 
uses between 300 -  400 wire/inch depending on the quality and dimension of the required 
print. The paste manufacturer provides this value.
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An example of the interwoven standard stainless steel wire mesh is shown in Figure 4- 4. 
This is developed by a company in Switzerland (BOPP) [4.4]. They have also developed 
an advanced interwoven mesh called Calendered Mesh, The mesh wire is rolled twice to 
reduce the knuckles made when 2 wires crossing each other in the mesh. This is believed 
to improve the overall uniformity of the surface of the printed paste on the substrate and 
the thickness tolerance. Also, it will help in producing a smoother emulsion surface that 
will provide better gasketing for better print definition. Another benefit is that it can 
improve the screen life because high definition prints usually require a finer mesh. As 
shown in Figure 4- 5, it is clearly seen under the microscope that the knuckles are reduced 
compared to the standard grade interwoven mesh.
To print a smooth lar'ge open area, using the Ultra Thin Mesh developed by BOPP in 
Switzerland can give a considerable advantage. This type of mesh is available as standard 
mesh and calendered mesh and is most suitable for printing on a large area and is able to 
deposit a uniform layer of print. Compared to the standard grades, it is able to enhance the 
edge definition on small features. The grade ranges from 250 to 400, suitable for resistor 
paste and fine line conductor prints. For prints requiring higher strength, SDS Ultra-thin 
High-strength wire cloth has a wire diameter as low as 0.016mm, smaller than the ultra 
thin grades (0.018mm) but able to withstand screen tension of 20-25 N/cm for SDS grade 
350. This is comparable to standard woven grades 325 at 21 -  23 N/cm. Yet, it is stronger 
than 325 standard ultra thin gr ade which can withstand only 13 -  15 N/cm.
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Figure 4- 4 Interwoven standard grade mesh wire
Figure 4- 5 Interwoven standard calendered grade mesh wire. The crossover point between wires
are flattened in a double rolling process
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4.3.2 Drying and Firing Process
Immediately after printing, the paste becomes less viscous for a short time after print as it 
settles on the substrate. It is then diied on a hot plate/oven to remove the solvent in the 
paste at temperature between 95°C -  150°C, depending on the manufacturer’s 
specification. But before this process is cairied out, it is advisable to leave the sample for 
about 10-12 minutes after printing. This process is refeixed as levelling. It will help 
reduce the pattern defect during printing, smoothen the mesh wire marks on the wet paste 
and helps settle the paste on the substrate without affecting the resolution of the pattern.
Firing the sample requires carefully controlled stages. But first, it is important to 
understand the paste rheology. Generally the paste is categorised as either fritted  or 
fritless. This is related to the content of ‘glass’ inside the paste. Fritted paste is usually a 
mixture of 4 components i.e. solvent, binder, frit (glass) and ‘pigment’. A low vapour 
pressure solvent such as terpineol is used. The solvent gives the ‘non-drip’ printing 
property for the paste.
The binder provides adhesion to the substrate and pigments after the drying process when 
the solvent is vaporised. For air fired pastes, the binder is normally ethyl cellulose. 
Nitrogen firing usually uses polyvinyl alcohol. The frit, or glass mix is lead borosilicate. 
Fritless paste, where the mixture does not require any glass content for bonding etc., uses 
bismuth oxide and other oxides e.g. germanium, copper etc. to enhance the interface 
between the pigments (usually electrically active agent e.g. base metal, precious metal 
etc.) and substrates.
Air circulating ovens can be used to dry small amount of samples (or nitrogen may be 
needed for copper). But for batch processing, a continuous conveyer belt infrared dryer is 
preferred.
After drying the paste, which vaporises the solvent, the sample is fired in different stages. 
The stages are shown in Figure 4- 6. At about 300°C to 400°C, the organic binder is burnt
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off and the vapours are expelled. Then, as the temperature increases, the glass staits to 
sinters and melt when the temperature reaches 600°C. The next stage is to glaze and foim 
the metal layer, dielectric or resistor, and this occurs during the peak temperature stage. 
The final stages are annealing and cooling, where the stress on the film during firing is 
relieved to achieve a high quality film.
900
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Figure 4- 6 General profile in firing process fo r  most o f thick film  paste. Peak temperature varies 
between conductor, dielectric and resistor pastes
4.4 Circuit Realisation
Multiple layers of dielectric and conductor are printed on the substrate to develop the 
dielectric filled waveguide. The process utilises the thick film process modified into a 
multilayer photoetchable thick film materials [4.5]. The materials (both conductor and 
dielectric) chosen are developed by Heraeus Inc. The procedure is shown in Figure 4- 8. 
Comparing with the conventional method shown in Figure 4- 1, some extra steps aie 
incoiporated into the photoetchable procedure. These extra steps are photolithography, 
developing and etching. They will be explained more in the next section.
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Three main layers used for multilayer fabrication of the dielectric filled RWG are shown 
in Figure 4- 8. The first layer is conductor and acts as a ground layer or part of the 
enclosure for the RWG. The next layer is the dielectric layer. This layer will be used as an 
interlayer dielectric for planai* circuits or dielectric inside the RWG for the dielectric filled 
RWG. Multiple prints can be used to thicken the dielectric print. Tliis dielectric also 
includes vias used to provide metal sidewalls for the RWG or connection between 
conductor layers. The final layer is the top conductor layer that will complete the 
enclosure for the RWG or circuit pattern of the design.
PHOTOLITHOGRAPHYPRINT DRY
DEVELOP FIRE
Figure 4- 7 Extra steps in the Photoetchable Thick Film Technology using Heraeus Materials. 
Three steps are added into the conventional thick film  procedure i.e. Photolithography, Develop
and Etch
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(I)
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m
Figure 4- 8 Three layer were used in the fabrication process. Layer (1) is the top metal layer 
where all the circuit pattern is made. It also acts as the upper wall fo r  the waveguide. Layer (II) 
is the dielectric layer where vias and trenches are made and filled by metal from the top layer. 
Layer (III) is the metal layer on top o f the and acts as a ground layer. It is also used as the
lower metal wall fo r  the waveguide
Heraeus Inc. [4.5] has developed several types of pastes to be used in the thick film 
technology. For this fabrication process, KQ 500 photoengravable Gold and KQ 150 
Direct Print Dielectric are used. KQ 500 is a photoetchable conductor and has good 
adhesion with Alumina, Green Tape™ and KQ Dielectric. It was reported in [4.5] that the 
minimum width fabricated was 15p.m and 30|im gap on 95% Alumina. The perfoimance 
properties of the KQ500 material are shown in Table 4.1.
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CHARACTERISTIC KQ500
Resistivity < 3.0 milliohms/square @ 10 pm 
thickness
Line/Space Resoultion (optimised) 25pm line and spaces
Fired Thickness 4 -  5pm thickness
Fired Surface Finish Ra<0.4 pm on 96% Alumina
Fineness of grind 0.5 -  1.0pm
Table 4-1  KQ500 properties
KQ 150 is a screen printable dielectric and is compatible with KQ Conductors and 
Alumina. It is capable of producing a thickness of 18|xm with 2 prints. The thickest layer 
reported so far is 48|Lim with 4 prints. The fritted paste contains 60% - 75% finely ground 
glass powder.
During the drying process carried out at about 150° (typical KQ125 drying temperature), 
the solvent mixed in the wet paste (i.e. terpeanol) is removed. In the firing process, the 
temperature is enough to melt the glass below peak temperature and it will sinter and melt 
to leave a layer of glaze.
For the metal paste, having a glass mixture will not be suitable for wire or die bonding. 
Hence, fritless conductors paste is used (e.g. KQ610 and KQ500) containing a mix of 
cadmium oxide to form bonding on the Alumina surface while still being retained inside 
the metal film to allow a smooth film to substrate interface with no other layer between 
them.
Characteristics of KQI50 are shown in Table 4.2.
CHARACTERISTIC KQ125
Dielectric Constant (ej 3.9
Tan. Ô 1 X 10-^  @ IGHz
Fired Thickness 10-12  pm per layer
Via Resolution 250pm
Fineness of grind (FOG) 2.0pm
Table 4- 2 KQ150 properties
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For safe keeping the paste must be kept in an airtight container. This is to make sure that 
the solvent in the paste won’t dry, especially for the dielectric paste. Before each use, the 
paste is stiiTed vigorously with a spatula to mix the mixture. This is to remove any 
separation of the composition which occurs if the paste is left unused for some time. Care 
should be taken not to trap any air bubbles. This changes the rheology of the material and 
might lead to a low quality surface print.
4.4.1 Mesh Screen Design
The mesh screen is used to pattern the layers of conductor, resistor and dielectiic for 
either standard printing or in a multilayer process. The first conductor layer pattern 
(shown in Figure 4-9) is designed on 325 standaid grade mesh wire. The wire diameter is 
0.03mm with 125 wires per cm (325 per inch). This layer is the ground layer and it does 
not require any pattern. The design is prepaied for a 2 inch x 2 inch substrate with 0.5 mm 
distance from the edge of the Alumina border. This is known as the waster border.
The second layer is the dielectric layer. This layer includes vias and areas not requiring 
any dielectric film. This layer pattern is shown in Figure 4- 10. This layer uses for 
standard grade mesh (300), suitable for dielectric paste. The wire diameter is 0.032mm 
with 114 wires per cm (300 per inch).
The third layer is the second conductor layer on top of the dielectric layer and is shown in 
Figure 4-11 . This layer will be photoetched. The specification for the mesh wire is the 
same as to the conductor mesh screen. This layer only defines the rough dimensions 
for the circuit pattern, purely to economise on gold paste. The layer also includes metal 
via fill for the vias on the dielectric layer.
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m m
Figure 4- 9 First metal layer design on WAVEMAKER showing the outline o f the 2inch x 2inch 
Alumina, its waster border (about 0.5mm) and area o f printed layer. This layer incorporates the 
ground layer and the research group's name (MSRG-UniS). The 4 markers on the comer are 
important during the production o f the mesh screen. It is used in alignment to make sure 
successive layer will be placed at the same point on the marker. The marker will not be printed on
the emulsion
e
Figure 4- 10 Dielectric layer where the vias are printed. The vias are 250fJni x  250jum minimum
fo r direct screen print paste (KQ150)
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Figure 4-11 Top metal layer design with Photoimageable KQ500 outline fo r  patterning the layer
under UV light
On the mask, dielectric-filled RWGs are designed for E Band and W Band. The layout 
includes a TRL calibration set, filters, and antennas of different length for both frequency 
bands. Some planar circuits and test structures were also included.
The mask used during the UV exposure is the chromium-on-glass type. The actual layout 
is shown in Figure 4-12 (i) and the mask is shown on Figure 4 -12  (ii). Alignment marks 
were used to align conectly the mask and the film when using the mask aligner. Also, the 
mask design includes a few planar circuits, mostly coupled line filters. These circuits are 
used to investigate the feasibility of using this process to make multilayer circuits and 
dielectric-filled RWG.
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Figure 4-12 (i) The overall design which includes 60GHz and 90GHz Waveguides and 
components (antennas, resonator and filters, (ii) Chrome on glass mask fo r  mask aligner.
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4.4.2 Firing and Developing
The firing process was carried out with the furnace shown in Figure 4- 13. The furnace is 
programmable with a maximum of 8 segments (refer to operation guideline [4.6]) used to 
give the profile shown in Figure 4- 14. The maximum temperature for the furnace is 
1200°C. This is sufficient since the pastes are generally fired below 900^C and Alumina 
has a melting point of 1600^C. The samples are placed on the Alumina tray and rested on 
the platform inside the furnace before switching on. The furnace also includes a chimney 
connected to an extractor, and an inlet for nitrogen. But for this process, nitrogen is not 
required since no copper is used.
The firing profile for KQ is shown in Figure 4- 14. As the temperature rises from room 
temperature to 400°C at a of 20°C/min, the binder inside the paste starts to evaporate.. 
Further increase at 85°C/min to 850°C will sinter the fritted glass in the paste. Then it hits 
the pealc temperature and dwell for about 10 minutes before it cools off.
Each conductor and dielectric paste must follow the correct profile for firing to foim a 
quality finish. Otherwise, the paste will not be properly fired, resulting in non- 
reproducible results. For the dielectric, the process follows the same profile but has a 
different peak temperature and overall duration cycle. The peak fire temperature for 
KQ150 is 925°C for 10 minutes. The firing cycle starts from room temperature and is 
increased steeply to 350^0 for 20 minutes. Then, it gradually increases bom  350® to 
925®C for 90 minutes is used. After holding the pealc temperature is held for 10 minutes, a 
cool-off period >60 minutes is used. The completed sample before etching is shown in 
Figure 4-15. This shape will be photoetched to foim the waveguide top layer, probe pads, 
TFMS line and transition.
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Figure 4-13 Furnace fo r  the firing process at maximum 85(fC
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Figure 4- 14 Firing profile fo r the KQ500 and KQ610. Same profile fo r  KQ150 (dielectric) but 
maximum peak temperature is 925°C with different time cycle
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Figure 4-15  Completed sample (before photolitography process) shown above with all 3 layers
(Ground, Dielectric and Top metal layer)
4.4.3 Exposing and Developing
The exposure time calculation is shown in equation (4.1) below:
t = E / W  ..•(4.1)
where ; t = time (s), E = energy (J/area), W = power (E/s)
The power delivered by the UV light is given by Power (W). The Exposure Dose (E) is 
dependent on the thickness of the material. The manufacturer normally gives the 
information. For example, the mask aligner has an exposure dose of 31.2mW per cm^.
The samples were then taken to the clean room for exposing. The procedure used to 
expose the samples is the same with the lithography process used for silicon industry. The 
samples are first coated with resist (namely AZ4400K). For this process, a Chemat KW- 
4A precision spin-coater was used. The spinner allows 2-stages of speed controlled by 2 
timer. The first stage allows spinning between 500-2500rpm for 2-18 seconds. The 
second stage allows spinning between lOOO-SOOOrpm for 3-60 seconds.
The sample was placed on the chuck, and was vacuumed onto it to secure its position 
whilst the spinner spins. Dynamic resist dispensing at a low speed setting (600rpm) for 10
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second, then a high speed spin at 2800rpm was used to spread the resist uniformly over 
the sample for 20 second.
The sample was then dried for 3 minutes on a hot plate at 100°C. Once dried, the sample 
was then taken to a mask aligner with UV source of 31.2mW per cm^. The mask was 
vacuumed on to the mask holder and the sample was placed underneath the mask, 
followed by 14 seconds expose time. The expose time varies and can be calculated from 
equation (4.1). The energy required for processing is 400mJ per cm^.
The resist was immersed into mix of AZ4330a (resist stripper) and DI water with a ratio 
of 1:3. The development of the resist takes about 2 minutes depending on the strength of 
the mixture. The result under the microscope distinctly shows that the exposed region is 
stripped, leaving only the unexposed region.
A mixture of Iodine, Potassium Iodide and DI Water was prepared for stripping off the 
gold or silver layer. The mixture is taken to be 1:8:33 in weight. This means that 1 gram 
of Iodide salt requires 16g Potassium Iodide salt and 33ml of water. The mixture was 
poured into the beaker and warmed between 35-50°C on the hot plate. The sample was 
then placed into the mixture, completely immersed. It was then stirred mildly for 3-4 
minutes, while constantly checking on the samples under a microscope. The sample was 
then cleaned under running DI water and dried at lOO^C for 1 minute. The finished 
product is shown in Figure 4- 16.
Figure 4- 16 Fabricated sample using KQ150 dielectric and KQ500 etchable gold paste
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There were some problems faced during this developing. It is worth noting that the 
standard procedure as outlined by Heraeus to process the material was adapted due to lack 
of financial resources and infrastructure. One major problem faced during fabrication is 
the exposure process. It was found that there was some misalignment between the mask 
and the alignment marks on the sample. It was suggested that the problem lies on the 
patterning of the emulsion layer on the wire mesh screen.
Another problem was the surface tension at the edges of the printed vias. This is apparent 
when using direct screen-print paste. More prints will result in the next print spilling more 
into the vias and can completely cover or enclose the vias, making it impossible for 
electrical connection between conductor layers. This is illustrated in Figure 4- 17. Having 
bigger vias will eliminate the problem of the dielectric spilling into the vias and 
completely closing them. Also, another method is to utilise 
photoengravable/photoimageable thick film dielectric paste. It uses UV exposure 
technique, giving sharp edges for the vias and eliminating excess spillage into the vias.
Paste spill into Via is completely
via closed
A  /  W I f
Layer 1 Layer 2 Layer 3
Figure 4 -17  shows the effect o f having more than one dielectric layer on the substrate. Layer 1 
shows the via with optimum via size fo r  direct print dielectric paste, say 250/Jm. It will taper as it 
reaches the bottom o f the via, say ISOfJm. Subsequent prints will eventually spill the dielectric 
into the via during levelling o f the wet paste. This can close completely the via if  more prints are 
made, making it impossible to connect the top layer to the bottom layer
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4.5 Analysis and Measurement
4.5.1 Direct screen printing line and gap limit
Using KQ125 direct print paste, a few lines of varying width and gap were screen printed 
on the Alumina. Direct screen printing was used to investigate a suitable line and gap 
width without the use of the photolithography process. These structures are shown in 
Figure 4-18.
Figure 4- 18 Lines and gaps printed using direct screen print
A Dektak 11A profiler was used to measure the profile of these lines and gaps. The 
machine consists a special sensitive pin holder and a working stage, controlled by a 
keyboard and the results are plotted on a monitor. The VCU provides the user interface 
screen to control the pin and graph display. The sensitive pin will descend on the sample 
and measure across the sample laterally. The data is sent back to the VCU and displayed 
on a graph with thickness measured in Angstrom (10,000A = 1pm). The thickness is 
relative the first initial contact from the pin on the sample. The graph can be easily 
changed to display the desired results.
The smallest line laid out in Wavemaker is 100pm width was 100pm gap. The measure 
lateral width of the line and gap using direct screen print are 100pm and 100pm 
respectively. The mesh wires used was 325 standard grade. The profile in Figure 4- , 
shows a smooth line edge due to surface tension, which spills into the gap, making it 
smaller. This required careful printing, suitable environmental factors and paste 
composition so that the ink won’t spread and connect with the next line and cause a short- 
circuit. Using photolithography, smaller line and gaps are possible.
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8|xm
lOULim
0.5|im pk-to-pk
(ii)
Figure 4-19(1) Ideal gold print having 1 0 0 line and gap, (ii) Measured result with average 
values o f line width and gap. The sharpness o f the gold track profile is reduced due to the suiface 
tension on the substrate, environment, gold composition and squeegee pressure
4.5.2 Screen print fired thickness, edge and via profile
Multilayer dielectric prints were made on the Alumina substrate. The purpose of this was 
to investigate:
• The thickness of the multilayer dielectric after printing
• The surface profile of the printed dielectric
Samples were prepared on 96% Alumina substrate. The samples were classified using 
their different print number and fire.
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Thickness, edge and via profiling of the samples are taken using a Dektak. The via 
dimension was 250pm x 250pm. Three samples were prepared and tested. Measurement 
was taken from the middle and border of the prints. Reading from Dektak was collected 
and placed in the graph shown in Table 4- 3. The result shows that the middle section is 
thicker than the end section across the printed area proving that the print area is not 
levelled. This is due to the difference in pressure exerted on the screen by the squeegee. 
Hence, most design is concentrated in the middle of the sample rather than at the end 
because different thickness might effect the characteristic of the circuit. This phenomenon 
is further shown in Figure 4- 20 where it shows different measured thickness on each 
sample.
Sample Description Middle Thickness Border Thickness
A Two Prints and One Fire 10-11 9
B Four Prints and Two Fires 22-23 20
C Six Prints and Three Fires 30-31 29
Table 4- 3 Details o f average measured thickness across 2 locations on printed Alumina sample. 
It can be concluded that the thickness across the middle-printed surface is thicker and more level 
than its edges or borders. Hence, most circuit is constructed in the middle o f the printed circuit.
N o te :  B o r d e r  th i c k n e s s  a n d  m id d le  th i c k n e s s  a r e  s h o w n  b e l o w
2”x2” Alumina 
with KQ150
i i
Border Thickness
Middle Thickness
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Figure 4- 20 Measured profiles (a), (c), (e) shows diffet'ent thickness and profile o f via hole 
taken in the middle o f the sample. Result (b), (d), and (f) shows thickness arid profile taken on the 
edge o f the sample. Referring to Table 4- 3, Sample A is shown in (a) and (b), Sample B is shown 
in (c) and (d), Sample C is shown in (e) and (f)
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4.5.3 Conductivity Test
A test was set up to see the effect on the conductivity as it undergoes the firing process 
cycle a few times. Heraeus reported that KQ550 has conductivity of >3.33xlO^S/m.
The 4-point probe was used to measure the conductivity of the gold layer. Samples of 
KQ500 gold conductor printed on Alumina were placed on the platform underneath the 
probe. Then, the probes were gently lowered onto the sample. An aibitraiy value of 
voltage was chosen and its cunent reading was taken from the multimeter.
The 4-point probe includes two cunent carrying probes (1 and 4) and two central voltage 
caiTying probe (3 and 4) that gives the true measured sheet resistivity from the sample. 
This is because of the centre probes (voltage) cancels out any effect of the resistance from 
the cunent probes. Calculation of the sheet resistance is given from equation (4.2)
Rs = P l . p l
V I  /
PI is a connection factor related to the size ratio of the conductor sheet. In this case was 
the printed rectangle sheet of KQ500 gold conductor of size ratio 2 (length vs. width) and 
thickness (d) of 5p,m for the single print process. The value of V and I in (4.2) were talcen 
from the multimeter. The resistivity (p) was calculated using the equation (4.3), while 
conductivity, a  was a reciprocal of p shown in (4.4).
...(4.3)
(j — y  • • • (4.4)
Few tests were earned out on conductor sheet fired @ pealc temperature 850°C for 10 
minutes. The conductor sheets had 2 prints (d = 8jxm) and 3 prints (d = 12pm). Both 
samples were tested at current 1 = 90mA and the result obtained are Vi= 0.1 ImV for 2x 
prints, and V2=0.13mV.
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The result from the experiment is shown in Table 4-4. To calculate the resistivity, PI 
(correction factor) was taken from [4.7] referencing to the size ratio of the conductor 
sheet. For this test, the value for PI is taken to be 3.23. The result shows small changes in 
the value between both samples and the original value given by the manufacturer (sheet 
resistivity <3.00 m ^/sqr @ 10pm thickness or conductivity 3.33x10^ S/m). Calculated 
value for 2x prints sheet was resistivity Ri= 3.95 mQ/sqr, and for the 3x prints sample the 
sheet resistivity was Ri = 4.67 m^l/sqr. The calculated conductivity were oi=3.16S/m 
and 02=1.78S/m.
The value shows a reduction in conductivity for the fired paste. This was probably due to 
the conductor being affected by the contamination during processing (the paste was out- 
of-date as this experiment was carried out), and successive firing will slightly reduce the 
conductivity of the pastes.
.* Sample - - Thickness, pm 
(d)
1 ... '
SheetResistivity,
mA/sqr(Rs)
Conductivity, 
% ,.S/m 
 ^ (w)
(Proposed value 
from Heraeus)
10 <3.0 >3.33
2x Print 8 3.95 3.16
3x Print 12 4.67 3.78
Table 4- 4 The effect o f the re-firing process on the conductor. The value is calculated using 4- 
point probe machine that measures the true resistivity o f the conductor sheet {or conductivity)
4.5.4 Measured Waveguide Result
Samples using fired Heraeus pastes were measured using the CPW-on-wafer probe 
connected to HP8510C Network Analyser. Samples were separated into 2 groups. The 
first group had thickness of 20pm and the second 30pm. These are to demonstrate:
• The expected propagating mode exists in the waveguide made using thick film 
technology
• The improved loss with the increased dielectric thickness
The waveguide was measured using Multical from NIST. Using the calibration standard 
designed for the test, each waveguide was measured and the result was stored. The
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relative phase constant result for thickness of 30pm is shown in Figure 4-21. The test was 
done on the E Band waveguide (3.59 x 0.03 mm )
2.5
8JZCL
>
(3
o>GC
0.5 -
Measured Calculated
60 65 70 75 80 85 90
Freq. (GHz)
Figure 4- 21 Relative phase constant o f the measure RWG. This result shows the unpredictable 
behaviour o f the RWG due to fabrication error caused by the misalignment o f the mask and
dielectric layer
The result shows the relative phase constant for the W band waveguide between 0.6 -  0.8 
across W band. Comparing to calculated value, the measured result fails to show any 
resemblance. Under the microscope, the defined circuit pattern seems to misalign with the 
dielectric layer, hence resulting in partially closed waveguide walls and unfilled vias. This 
is seen during the photolithography process where the chrome mask used was misalign 
with the aligning marks prepared on the sample. The areas affected were the vias, 
sidewalls of the waveguide and top aiea of the waveguide metal enclosure. This 
unforeseen problem was attributed to the screen print used to print the dielectric layer. It 
is believed that the technique used to define the emulsion on the screen print was unable 
to deliver the correct dimensions. No result was obtained for the 20pm waveguide due to 
the same problem.
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4.6 Multilayer Coupled-Line Filters Prototype
Filters are important in isolating and preventing interference i.e. noise and spurious 
signal, and is used to provide spectral purity during the transmission and high selectivity 
in the reception process [4.8]. Coupled line filters aie constructed from several paiallel 
coupled transmission lines. It can be easily designed using microstrip lines for bandwidth 
less than 20% [4.8]. But, for wider bandwidth or higher frequency, more tightly coupled 
lines are required. This is usually restricted by the lithography technique of the process.
With the help of Mr. C.Y.Ng, a coupled line bandpass filter is designed. It can be 
modelled using simple equations given by Pozar [4.8] i.e. based on the even- and odd­
mode impedance of coupled lines. The characteristic of the filter design was initially 
defined. They are coupled line section N, ripple (in dB), centre frequency, bandwidth and 
characteristic impedance. Then following the simple procedure outlined in [4.8]the low- 
pass prototype values, gn, admittance inverters and odd-even characteristic impedance are 
found. This was then used to calculate the gap, line width and length of each section of 
the paralleled coupled-line using LineCalc and further optimised using Momentum.
The filter’s design concept follows the same design procedure used in the rectangular 
waveguide design. It consists of different layers built up on top of each other by the 
multilayer technique. Each layer was individually processed i.e. printed, baked (150°C) 
and fired (850°C), before the next layer was processed. The cross-section is shown in 
Figure 4- 22. The whole structure was built on an Alumina substrate to provide a strong 
base, choosen because it is inert to any chemical used during the process and can 
withstand the high temperature during the firing process. Heraeus photoetchable gold 
(KQ500) and direct screen-print dielectric (KQ125) paste were used. The layer printed on 
the Alumina was the ground layer, where it provides grounding for the TFMS line. Then, 
the dielectric layer was printed, levelled and fired. The thickness of this layer is between 
15-20|im. The final layer was the top gold metal layer and its final measured thickness 
was 5pm. The final layer is where the microstrip line and the filters are defined with 
lithography process, followed by an etching process. The resist used to define the shape 
was AZ4330A spun at different spin speeds to give better resist spread and smoother 
thickness.
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The fabricated 95GHz coupled line filter is shown in Figure 4- 23. The picture shows 2 
CPW-on-wafer probes on the CPW probe pads. These pads have vias about 200 x 200pm 
in size connecting metal layer 1 (ground) to metal layer 2. Then, it is fed into a 50^2 
TFMS line, which is then connected to the coupled line filter. The use of TFMS not only 
provides the miniaturisation of transmission lines, but also most importantly it allows 
circuit operation well into the mm-wave frequency band. This is due to the low loss thin 
dielectric that allows comparable dimension required. Conventional microstrip line design 
using a conventional thick film process (without the interlayer dielectric) is impossible to 
implement at higher frequency due to its inability to produce small lines and gaps.
gap 
< ►
KQ DIELECTRIC
ALUMINA
640pm
Metal 
Layer 2
Metal 
Layer 1 
(Gnd)
Figure 4- 22 Cross-section o f the filter design showing designated layers. Drawings is not to 
scale. Metal layer 1 and 2 has thickness ofô-SjLùn
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Figure 4- 23 An example ofN=3 coupled line filters at 95GHz. Also shown are the CPW-on-
wafer probes resting on the pads
4.6.1 Results for Coupled Line Filters
The filter was measured using HP8510C Network Analyser. During the measurement 
process, the calibration uses on-wafer TRL calibration using Multical by NIST. The 
insertion and reflection loss data was collected and shown in Figure 4- 4.
-5
insertion
loss
® -15
return
loss-20 -
-25
-30
85 95 105 1 lO80 90 lOO
Frequency - GHz
Figure 4- 24 S-parameter measured result fo r  Bandpass filter @ 94GHz with Simulated( - 
and measured ( —  ) performance o f the fabricated filter
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The figure shows the filter working at centre frequency of 94GHz with nominal insertion 
loss of 2dB and return loss exceeding 20dB over the frequency range 92GHz -  96GHz. 
The good agreement between these results shows the manufacturing process was well 
controlled and provides the proof that different processing technique can be incoiporated 
in the conventional thick film process to provide a low cost, miniaturised high frequency 
thick film circuit.
The result shown signifies that it is possible using multilayer techniques to fabricate 
naiTow-band coupled line filters with TFMS lines. The technique applies easy calculation 
for the design and is able to show good result up to 94GHz. This result has proven that by 
combining photoetchable metal paste with direct-screen print method, Thick film 
technology can be used to fabricate high frequency components i.e. > 40GHz. This 
pushes the design limit of conventional thick film to much higher frequency due to 
thinner substrate, multilayer design technique and etchable metal layer. Another 
advantage seen is miniaturisation of the filter, which are usually an obstacle in 
implementing integrated transceivers due to their size. Also, the filter’s dimension is 
comparable of the filter used in GaAs MMICs [4.8]
4.7 Conclusion
Conventional thick film processes have been used for frequency < 20GHz and the process 
has already matured. This is because the printing technique is used in malcing microwave 
circuits before the 1970’s. The process was able to produce low cost, high volume 
products, suitable for mass production.
Until now, conventional thick film process has been applied to microwave planai* circuits 
with Alumina as the dielectric substrate. The process has a simple procedure i.e. print, dry 
and fire. These processes aie either automated or semi-automated. Hence this gives the 
advantage for mass production in industry. But the disadvantage for this process at the 
time was its poor dimensional tolerance and versatility. Also, using laser technique to 
develop vias through the Alumina is expensive. The paste’s used are direct-screen print 
pastes that aie applicable for applications < 20 GHz.
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In this chapter, the conventional thick film procedure was changed to incoiporate new 
thick film materials and new procedures. The material used is the Heraeus KQ500 
Photoetchable Gold Paste. This new material uses photolithography technique to define 
small lines and gaps. It was reported that the smallest line and gap using this material are 
20pm. This, in theory allows thick film technology to push its design for higher 
microwave frequencies. New procedures incorporated into the conventional thick film 
process are photolithography and resist development.
The multilayer technique allows different layers to be fabricated individually and in 
succession. Together with direct screen-print dielectric pastes i.e. KQ125, a novel 
procedure was used to design dielectric filled rectangulai* waveguide and coupled line 
filters. The dielectric layer was printed 3 times to provide a thicker layer of 30pm. Both 
circuits used TFMS lines to provide proof-of-concept of integration between planar and 
waveguide structures on a single substrate. Also, the circuit proved that with this 
procedure and design technique, higher frequency operation can be accomplished.
For the rectangular waveguide, due to the incorrect dimensions of the emulsion print on 
the mesh screen for the dielectric, there was misalignment between the printed dielectric 
layer and the etched gold layer during the photolithography process. This misalignment 
affected several areas i.e. vias and top metal layer for waveguide and this was not realised 
until the fabrication process was completed. To amend this problem, better 
photolithography or other technique can be used to define the dielectric layer.
Unlike the rectangulai* waveguide, the miniature coupled-line bandpass filter at 94GHz 
shows good agreement between calculated result and measured result. The filter has -2dB 
in band response of insertion loss due to the small lines and gap with using the proposed 
design technique.
The implementation of thick film process allows low cost high frequency circuits to be 
implemented as shown in the coupled line filters. It proves that a combination of 
techniques such as direct screen print and photoetchable process can be incorporated to 
produce high performance circuits. Also, the multilayer technique has allowed a thicker 
dielectric layer to be used. The photoetchable conductor uses the standard
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photolithography technique noraially used in the semiconductor industry and is able to 
fabricate TFMS lines. This process also successfully implemented miniature circuit 
structures and integration between planar circuits and waveguides.
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Chapter 5
5 Waveguide components using 
photoimageable thick film technology
5.1 Introduction
In the previous chapter, dielectric-filled RWG waveguide was designed for fabrication 
using KQ photoetchable conductor pastes and KQ direct screen-print dielectric pastes. 
These pastes were used for a thick film dielectric-filled waveguide at E Band (60-90GHz) 
and for microstrip coupled-line filters. The fabrication technique incorporates the 
conventional thick film process with extra processing steps. A combination of both 
photoetchable and direct screen-print fabrication techniques for realising the multilayer 
design, where each layer was processed successively.
The objective of this chapter is to present another thick film waveguide fabrication 
technique i.e. the photoimageable thick film process. The photoimageable thick film 
process allows the material to be exposed under UY light to define a pattern which is then 
developed in a solution. The process differs from the photoetchable thick film process 
because no photoresist application and stripping is required to define and fabricate the 
circuits.
5.2 Hibridas Materials
Hibridas have introduced a range of thick film photoimageable conductor pastes. The 
range includes gold paste (HC7900), silver paste (HC4700), and Silver-Palladium paste 
(HC4746), The main advantage of these materials is the absence of the photopolymeriable 
monomers and photoinitiators, allowing it to be used under normal light in any laboratory. 
They also have low sensitivity to the influence of oxygen, are cofireable in atmospheric
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environment, aie easy to process (compared to phtotoetchable pastes) and are also able to 
produce very fine lines comparable to other photoimageable thick film pastes and thin film 
processing.
It was reported [4.5] that these conductor pastes are able to produce lines of 25[im width, 
25jLim gap with 8|im thickness, using special equipment designed for high volume 
manufacture. The cuiTent conventional direct screen print method can only produce > 
100p,m line width (as investigated earlier with a carefully controlled process) with good 
repeatability, and lOOjum space with 6pm fired thickness. This makes the photoimageable 
conductor paste a far better choice for >20GHz applications compaied to conventional 
thick film technology.
Printing the paste on the substrate requires a mesh screen. The conductor paste uses 
standard 250 mesh screen to produce a fired thickness of approximately 8 pm and 320 
mesh screen to produce a fired thickness of approximately 6pm. Standaid Alumina 
ceramic substrates, widely used in thick film technology, are compatible with the pastes.
Hibridas also introduced HD 1000 photoimageable dielectric pastes, compatible with the 
HC conductor series and Alumina substrate from Coors*. Apart from being suitable for a 
conventional thick film process, it is also compatible for use in multilayer technology. It is 
suitable for crossovers or as multilayer dielectric with up to 4 conductor levels. It is 
capable of producing thickness up to 18pm on 2 prints using 200 mesh standard screen. 
Using two sepaiate prints and fired layers produces up to 30pm thickness using equipment 
made by Hibridas [5.1].
5.3 Hibridas Technology Process Overview
The general procedure the conventional process, photoetching process and photoimageable 
process are compaied and are shown in Figure 5.1. The difference between the 
conventional technique and the photoimageable technique is the addition of 2 extra 
processing steps [5.2]. The extra processing steps aie UV Exposure and the Developing
* CoorsTek, www.coorstek.co.uk
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process. This process is carried out using special equipment developed especially for the 
material.
D R YP R IN T F IR E
(i)
P H O T O U T H O G R P A H YP R IN T
(ii)
P R I N T D R Y Develop
Extra steps incorporated inside 
standard thick film process for 
HIBRIDAS process
F I R E
Figure 5.1 Comparison of(i) conventional thick film, (ii) photoetchable process, (Hi) photoimageable
process
Comparing the photoetchable and photoimageable process, we can see a reduction in 
number of steps required. The photoetchable process includes additional steps, i.e. 
photoresist application and stripping. Furthermore, to this date, the choice of 
phototetchable pastes is limited to only photoetchable conductor pastes and no 
photoetchable dielectric is available to this date. In contrast, both conductor and dielectric 
pastes are available for the photoimageable process.
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The Hibridas photoimageable process is now described step-by-step.
5.3.1 Printing
Like the conventional thick film process, the pastes are first printed on the substrate using a 
screen printer. It starts off with prints being made on the substrate, namely Alumina, after 
characterising the machine for optimum results and good quality prints.
Hibridas pastes are developed to have some unique features that makes it more impressive 
compared to other photoimageable pastes. As mentioned before, printing can be earned out 
under normal room conditions, where no yellow lighting or amber ‘safe lights’ are 
available. This is because of the low sensitivity of the photosensitive polymer vehicle 
under low intensity UV light [5.2]. This is possible as long as the time between printing 
and exposing is less than 24hours.
After printing , the wet paste is left to settle for about 10 minutes. This levelling process 
helps to smooth its surface and recover its original viscosity. It also promotes a unifoim 
thickness, with no mesh marks and no pinholes. This is important in multilayer design to 
ensure no shorting between different layers. The sample is then dried at a temperature 
between 80°C to 100°C for 10 minutes in a conventional oven, or on a hot plate or 
conveyer belt dryer.
5.3.2 Exposure
The Hibridas photosensitive paste exposure unit (MA3) [5.3] shown in Figure 5.2(i) is 
used to expose the dried pastes. The sample is placed securely on a special jig and a 
photomask is placed on the sample. After the mask is secured on top of the sample, it can 
be aligned correctly on the sample using special screws on the side of the jig. This can be 
done with the naked eye or under a microscope for better accuracy. Then, the jig is placed 
inside the exposing chamber and it is vacuumed to allow proper contact between the 
photomask and sample, securing the sample during the process. The exposure time is 
normally between 5 -  30s with a wavelength of 450nm. This is dependent on the thickness 
of the printed material and also the type of thick film paste used. A negative mask is used 
to pattern the shape with the UV light. The material not exposed to the UV is not 
polymerised and will be stripped off during the developing process.
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Figure 5.2 Two machines exclusively manufactured fo r processing Hibridas material (i) The UV 
Exposure Machine M A3 , (ii)The Developing machine.
5.3.3 Developing Process
The developer unit [5.4] is used to wash away parts that are not exposed or polymerised 
during the exposure process. The Hibridas developing unit shown in Figure 5.2 (ii) is used 
to carry out the process. It can also be used for other processes e.g. MEMS, LTCC etc.
The machine consists of 2 reservoirs that contain the developer and DI water. The centre 
houses the spraying mechanism, sink, and a sample holder that rotates at high speed. A 
perspex cover is placed on top for protection. Characterisation of the machine is carried out 
before any developing takes place. The most important factors that need characterisation 
are the spin speed, spray pressure, spray time and spray position.
The sample is placed on the sample holder and the principle operation used is centrifugal 
spinning of the substrate. At the same time, a high-pressure mixture of atomised aqueous 
solution of 0.5% monoethanol amine and DI water is directed towards the sample. After 
spraying evenly on the substrate for between 2 and 10s, a short water rinse and spin drying 
process follows.
Another advantage with this material is that the developer solution is environmentally 
friendly. It is cheap, and can be easily released to the local drainage system without
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hai*ming the environment. Typical developing time to resolve 20|Xm lines and 30|Lim 
spaces, or 50)im via or larger is between 4-6s.
5.3.4 Firing
The firing process can be carried out on a belt furnace under normal atmospheric 
environment conditions. The firing profile follows the bell-shaped profile used in the 
conventional or photoetchable firing cycle but the maximum peak temperature is at 850°C 
for all the HC series products. The peak temperature duration is about 10 minutes. The 
normal firing profile should last about an hour with a 20 minute zone where the 
temperature is set between 400°C -  500°C during the temperature rise. This is to allow 
complete bum-out of the photosensitive vehicle of the pastes.
5.3.5 Product Inspection
Using photoimageable pastes in thick film technology improves the physical properties 
that make it suitable for use in microwave and millimetre-wave design. Before, it was 
impossible using the conventional method due to its processing limits. The pastes allow 
smaller lines and gaps, with good tolerances, and almost vertical and sharp edges which are 
important in this frequency range. The removal of the photoresist step to define the 
structure’s geometry has not only cut the processing stages, but also reduces the 
undercutting involved with a conventional etching process and hence improves the overall 
quality of the line.
To evaluate the process a sample was placed in the Hitachi S2102 SEM. Figure 5.3 shows 
different via sizes filled with gold metal for CPW probe pads. Figure 5.3 (i)-(iij shows 
waveguide probe pads with gaps of 30p,m with vias on the lai'ger pads. Figure 5.3 (iii) 
shows CPW-probe pads connected to a TFMS line with 40fxm gap and 60fxm signal pad 
with SOjxm vias. Figure 5.3 (iv) shows an interlayer via connecting the top metal layer to 
the ground layer.
Figure 5.4 shows a TFMS line with a small gap. The line width is 30|im  and the gap was 
20jLim. Figure 5.5 shows the same line with higher magnification. The line has a smooth
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surface with almost vertical and sharp edges. Using UV exposure also allows smooth 
curved and tapered lines to be manufactured, as shown in Figure 5.6. The TFMS 50^2 line 
is used to connect the bottom conductor layer to the top layer via a dielectric layer using 
smooth transition for tighter coupling in a wideband coupler design.
(i) (ii)
(Hi) (iv)
Figure 5.3 Different via sizes fo r CPW-on wafer probes (i)-(iii) and a multilyer vias (iv) using
photoimageable design technique
Lit. I I t-  'iN-vJl
Figure 5.4 A 15jJm TFMS line with 20jum gap as test structure
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Figure 5.5 A close up 4 ^  angle view o f a 100pm line. The smooth and sharp edge is the result o f the
direct UV exposure and developing process
Figure 5.6 The figure shows a 50C2 line (located on a level below the printed dielectric), brought to 
the surface using an interlayer via, then tapered to connect to a thin line fo r tight coupling.
An SEM picture of the HCIOOO dielectric surface layer is shown in Figure 5.7. The figure 
shows an 18p,m thick dielectric layer on a 96% Alumina substrate. Also shown is a 6pm 
thick 50i2 TFMS line going into the dielectric layer for a multilayer design. To calculate 
the surface smoothness of the product, the Dektak IIA was used. The dielectric surface data 
was extracted. From this data it was concluded that the r.m.s. surface roughness was 
<0.9pm .
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Figure 5.7 SEM picture o f a 50^2 line with 6jum thickness on 96% Alumina, passing under an ISpni
thick dielectric layer
5.4 Waveguide Design using Photoimageable Thick-film Technology
To realise the photoimageable waveguide, MSRG has worked together with Hibridas Tech. 
based in Lithuania, which is represented in UK by Mozaik Ltd., a company responsible for 
introducing and marketing services and products from Eastern Europe. The prototypes 
were prepared by Hibridas since MSRG did not have the facility to make them at the time 
this thesis was written. After understanding the process involved and its layout 
requirements, two CAD layouts were sent with blank 96% Alumina substrates to 
Hibridas’s headquaters in Lithuania. There, photomasks were made and all the necessary 
process was carried out to manufacture the prototypes.
The first waveguide prototype was designed for the E Band (60-90GHz) frequency range. 
This is the first ever realisation of RWG on photoimageable thick film technology. The 
CAD artwork is shown in Figure 5.8. The waveguide calibration set also includes other 
planar structures that are used to verify and investigate the benefits of the photoimageable 
multilayer process. The completed waveguide calibration set is shown in Figure 5.9. Table
5.1 shows the calibration set data inserted into Multical to produce the attenuation and 
phase constant data for the waveguide.
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Figure 5.8 The artwork layout o f the P‘ prototype sample on 1 "xl ” alumina substrate
Figure 5.9 Completed Hibridas photoimageable waveguide calibration set. The first ever thick film
prototype o f a dielectric-filled waveguide [4.14]
Frequency = 6 0 - 90GHz (EBand) 
Dimension = 1.220mm x 0.018mm
No. Description Length (mm)1 % delay line 1.522 Va delay line 0.5
3 thru 04 s/c 0
Table 5.1 Information placed in Multical/or measurement fo r the P' prototype. The length fo r thru 
line and s/c (short circuit line is zero with reference between 2 transition.
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For the second fabrication run, different sets of waveguide calibration pieces were 
designed for different frequency bands with a deeper understanding of the layout 
requirements, design technique and calibration technique. The prototype designed is set to 
operate at higher operational frequency to explore the limit of this processing technique 
and its materials. The frequency ranges includes frequency at, W Band and (fo = 90 GHz), 
F Band and {fo -  110 GHz ) and G Band (fo = 180 GHz ). The completed 2"*^  prototype, 
which also contains other planar structures, is shown in Figure 5.10. The overall size of the 
prototype substrate is 2” x 2”. The waveguide only occupied Va of the area (top right part).
Other than rectangular waveguide, the prototype includes H-plane offset waveguide filters 
and some antennas. An H-Plane waveguide bandpass filter is included to observe the 
feasibility of this technique in waveguide filter design.
Figure 5.10 Completed2 ” x 2" 2 '^prototype. It is divided into 4 sections with different sets o f
structure on each section.
As mentioned before, some improvements were incorporated into this prototype, especially 
with the calibration set and CPW-probe pads. Table 5.2 shows the data used for the 
waveguide calibration set design in each operating band. The table includes all the 
information entered into Multical for measurement and data extraction. Different lengths of 
waveguide were used to give better results after the calibration process. The lengths 
(excluding transition that are calibrated out) of RWG used were Va Xg length @ centre 
frequency. Va  Xg length @ upper frequency limit. Va  Xg length @ lower frequency limit and 
Va Xg length @ centre frequency. Other structures include short circuit transition and back-
97
____________ Chapter 5. Waveeuide Components Usinsf Photoimageable Thick Film Technoloev
to-back (thru) transition. This is required in Multical since the TRL measurement 
technique was employed.
Frequency = 6 0 - 90GHz (E Band) 
D im ension = 1.0961m m  x 0.018m m
Description ^
0.4622 mm mid % line 0.10961
0.7458 mm start 14 line 0.04622
0.3491 mm end 14 line 0.07458
1.332 mm % line 0.1332
Through Thru 0.0000
Short Refl/Short 0.0000
Frequency = 7 5 - llO G H z (W  Band) 
D im ension = 0.8981m m  x 0.018m m
Description Type Length
0.3720 mm mid 14 line 0.03720
0.5724 mm start 14 line 0.05724
0.2854 mm end 14 line 0.02854
1.2090 mm % line 0.12090
Through Thru 0.0000
Short Refl/Short 0.0000
Frequency = 9 0 -  140GHz (F -B a n d )  
D im ension = 0.7177m m  x 0.018m m
Description a ^  Type Length
0.3006 mm mid V a line 0.03006
0.5150 mm start V a line 0.05150
0.2228 mm end 14 line 0.02228
0.9750 mm Y a line 0.09750
Through Thru 0.0000
Short Refl/Short 0.0000
Frequency = 140 -  220G H z (G  Band) 
D im ension = 0.4579m m  x 0.018m m
Descr#tion Type # m Length
0.1922 mm mid 14 line 0.01922
0.3365 mm start 14 line 0.03365
0.1416 mm end V a line 0.01416
0.6180 mm % line 0.06180
Through Thru 0.0000
Short Refl/Short 0.0000
Table 5.2 The information placed in Multical® to calibrate out the transition and also measure 
the waveguide performance o f the prototype. It consists o f different delay lines (or RWG 
length), back to back transition and short circuit.
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The CAD Artwork for all the waveguide structures is shown in Figure 5.11 (i). Figure 5.11 
(ii) shows the designated frequency band position for the waveguide structures with 
reference to the CAD artwork. Notice that as the frequency increases, the structure’s size 
becomes smaller.
&
a :  W  o O O O
©Unis
>»  4= - - - - I
► o *  ^E IB i j - T J T j n y r - i  T j ^ ' O i r - s .
(i)
W Band RWG
E Band RWG
G Band RWG '• F Band RWG
(ii)
Figure 5.11 (i) Artwork showing groups o f RWG at different frequency designed for the 2”^  ^
waveguide prototype on 1 "xl " alumina substrate. The position o f each frequency group is
indicated in (ii).
5.5 Measured Results
5.5.1 Transition from planar to waveguide
The transition from rectangular waveguide or any waveguide to a planar structure requires 
a complex transition. There have been several studies of this type of transition [5.5]-[5.9]. 
Most of these structures are quite bulky and require precision machining capability, and are 
not suitable for mass production. Test fixtures can be used and designed to allow structures 
to be inserted repeatedly [5.10]-[5.11], but this is also expensive due to its complicated 
mechanical assembly and machining of the test fixture. Hence, planar transition to 
waveguide seems to be the best option.
The transition developed uses a CPW-TFMS-rectangular waveguide transition. The CPW 
probe pads are designed to accommodate the 100pm pitch CPW probes connected to the
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Network Analyser. The CPW probe pads are then connected to the TFMS line. The TEM 
mode from the TFMS line shown in Figure 5-12 is required to match with the TEio mode 
of the rectangular waveguide. Field geometry match between both structures aie achieved 
by providing a change in the physical structure at the tiansition. The transition uses a 
tapered structure to connect both structures having different impedance. A linear taper was 
chosen due to ease of processing.
The most straightforward method for the transition from planar structure and waveguide is 
to employ method that requires standaid PCB or planai* processing techniques. But the 
drawback of this method is the reduction of the Q factor of the waveguide because of 
dielectric filling and volume reduction. Such transition has been reported by Dominic
[5.12] He proposed the use of a microstrip line to rectangular waveguide transition made 
using 3D complex mounting structure at 28GHz. The result shows an effective bandwidth 
of 12% with return loss of 20dB and in-band insertion loss of 0.3dB. The method is 
suitable for transition used in MIC or MMIC process.
This transition is modified and used for the waveguide design in this process. A proper 
transition requires a lot of modelling and mathematical analysis, but this transition is 
calibrated out during the waveguide measurement and serves its purpose.
Figure 5-12 TEM field inside TFMS line is required to match the field geometty shown as TEio 
mode in rectangular waveguide using a transition
The proposed transition is shown in Figure 5- 13. On the input port, there is a 50^2 TFMS 
line connected to a taper that is connected to the opening of the waveguide. The line width
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of the microstrip can be found using LineCalc in HPADS. The equation used in calculating 
for the transition taper is shown in equation (4.1-4.3). Unlike the transition in reference
[5.12], the waveguide is almost closed at the end to minimise the possibility of radiation 
and coupling to the surface wave modes. The measured back-to-back transition obtained 
for 20|xm dielectric thickness at 77 GHz operational frequency (E Band) is shown in 
Figure 5- 14. Subsequent work has shown that this type of transition is capable of 
achieving return loss better than 20dB over the entire band when designed coiTectly.
Microstrip to RWG Transition
SOOhm line Waveguide (RWG)
Figure 5-13 Layout o f the TFMS to RWG transition
=
...(4.1)
L =
X = 0.28
...(4.2)
...(4.3)
Note : Xg = guide wavelength of the waveguide, f  = operating frequency, fc = cut-off
frequency
First, the value of a, operating frequency /  and fundamental mode cut-off frequency fc aie 
used to calculate the guide wavelength Àg. From here, the length L  is determined. This will
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give the length required between the end of the TFMS line and opening of the waveguide. 
The taper starts from the end of the TFMS line and ends with a width X  across length L. 
The value X  is obtained after it was modelled and optimised using HFSS.
-10
-1 5
-2 5
-3 0
-3 5
-4 0
6 56 0 7 0 7 5 8 0 8 5 9 0
Frequency (GHz)
Figure 5-14  Measured return loss o f the novel back-to-back transition
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5.5.2 E Band (60 -  90GHz) Dielectric-filled Waveguide
An E Band (60-90GHz) waveguide (or MPRWG as referred to in [5.5]) calibration set was 
designed, as shown in Figure 5.15, includes the information on its different delay lengths. 
The dielectric has relative permitivity of about 9 with tangent loss of 0.002. The internal 
width and height dimensions of the 3-D structures were 1220p,m, and 18p,m respectively. 
The sample is probed on the CPW on-wafer probe pads and a ‘thin film’ microstrip 
(TFMS) feed line couples the signal into the guide, as shown in Figure 5.16. The figure 
shows the size of the waveguide relative to the probe which has 100|Lim pitch. Before, 
using the conventional method of printing, the design of the probe is impossible since the 
gap between signal and ground probe is 40p,m. But using photoimageable conductor paste, 
this dimension is realisable.
2.490 mm Through Line 
(back-to-back transition) 4.010 mm Delay Line
CPW
Probe
Pads
. _  .....
Two 1.245 mm Off-Set Shorts 2.990 mm Delay Line
Figure 5.15 E Band Waveguide calibration set as fabricated on prototype
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Figure 5.16 Relative size comparison between CPW-probe to the waveguide. Also shows the transition 
and TFMS line connecting the probe pads to the transition, and then into the waveguide.
Standard on-wafer measurement techniques were employed, using Multical. For measuring 
the performance of the back-to-back transitions, shorts-through-delay (STD) calibration 
standards were realised in TFMS medium. Subsequent work has shown that this type of 
transition is capable of achieving a return loss better than 20dB over the entire waveguide 
band.
For the first time, for measuring the performance of miniature multilayer waveguides, STD 
calibration standards were realised in the waveguide medium as shown in Figure 5.15, 
allowing its propagation constant to be determined directly from the calibration process. 
Figure 5.17 shows the measured phase constant (normalised to its free space value) and 
attenuation constant per mm for this E Band multilayer waveguide. As can be seen, 
attenuation is very close to the predicted value of 0.5dB/mm across the 60-80GHz range. 
Above circa 80GHz, attenuation increases rapidly -  due to the onset of the TE20 mode, 
which is expected to propagate above 82 GHz for a lossless implementation. The 
attenuation is reasonable, given that the height is only 18p.m.
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(measured)3 Normalised phase constant
(simulated)
2
(measured)
Attenuation constant (dB/mm)1
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Figure 5.17 Measured and Calculated Phase Constant and Attenuation
5.5.3 W Band (75-llOGHz) and F Band (90 140GHz) Dielectric-fiUed 
Waveguide
Other than an E Band waveguide, two other frequency bands, namely W Band and F Band 
were investigated. The design procedure is the same but due to the higher frequency of 
operation, the waveguide dimensions were reduced. This challenges the design constraint 
higher since a more minute structure is being fabricated.
The same transition and measurement technique as caiiied out for the E Band and 
waveguide measurement was used. Both attenuation and phase constant result (measured 
and calculated) aie shown on Figure 5.18 and Figure 5.19. As predicted, the result showed 
good agreement between the measure and calculated result, proving that this process is 
capable of making minute structures at millimeter-wave frequency, and the process is well 
controlled.
The agreement between measured and calculated phase constant results signifies that TEio 
propagation occuned inside the waveguide. The attenuation value can be further improved 
if the thickness of the waveguide is increased because most of the loss is attributed to the 
conductor loss rather than the dielectric loss.
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 Calculated Attenuation
 Measured Attenuation
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Figure 5.18 Attenuation and Phase Constant result fo r  W Band
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Figure 5.19 Attenuation and Phase Constant result for F Band
5.6 Waveguide Filters
Filters are indispensable components in many microwave systems. The design of 
waveguide filters is particularly important owing to their simple structure and high 
performance. There aie different types of waveguide filter but this work is based on the 
dominant mode direct-coupled cavity H-plane offset waveguide filter, because it is easy to 
implement in this novel waveguide medium.
In [5.14], the computer-aided analysis and design of direct coupled and quarter-wave- 
coupled band-pass filters utilising one-dimensional offset discontinuities was presented. 
The design is derived from shunt reactance and additional transmission lines to derive a 
rigorous-theoretical investigation of E-plane and H-plane displacements in rectangular 
waveguide. The waveguide filter was designed to work at X Band (8.2-12.4 GHz) and was 
constructed using a ground cover plate with electroformed waveguide offset moulds.
The design of H-plane offset dielectric-filled rectangular waveguide filter was also 
presented in [5.15]. This paper presents 10 GHz and 30 GHz H-plane filters as a part of the 
Integrated Waveguide Technology (INWATE) reseaich. The interior part of the filters is 
foimed from low loss dielectric (polystyrene) with 8r = 6. The exterior of the dielectric is 
then metallised using spray techniques. It is a relatively low cost technique and has been
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proven to offer low attenuation, easy integration with other circuit elements and also 
miniaturisation.
5.6.1 H-Plane Offset Filter Design
With the help of Dr. P.R.Young, direct coupled cavity waveguide filters [5.16] with H- 
plane offsets are produced using a photoimageable thick-film process. The H-plane offset 
is chosen due to its ease of manufacture with the thick-film process. The shunt susceptance 
of the H-plane offsets is modelled using the technique in [5.17]. This technique uses modal 
analysis with the field in the plane of the discontinuity represented by a series of 
Gegenbauer polynomials. An iterative process is used to calculate the conect displacement 
for the required shunt susceptance based on Chebyshev prototype paiameters. The design 
criteria for the waveguide filters are shown in Table 5.3 for W Band and F Band.
"i'v; 'T: “ - <-
Cutoff frequency, 85.0GHz/92.1GHz 106.3GHZ/110.5GHz
Number of section, n 4 4
Filter Chaiacteristic Chebyshev Chebyshev
Waveguide Cutoff,/c 59.01GHz 73.84GHz
Waveguide Dimension 1.330x0.018mm 0.898x0.018mm
Er 9 9
tan Ô 0.002 0.002
Table 5.3 Data fo r H-plane offset waveguide filters
5.6.2 Measurement Result
A HP8510XF network analyser was used to measure the filters. A waveguide calibration 
set was fabricated on the same substrate to minimise differences (thickness and process) 
between the calibration and measurement. The standards include waveguide short circuits, 
a thru line and three different lengths of delay line. The transition from the microstrip feed 
lines to waveguide is described in [5.18]. The Multical calibration technique is used [5.19]
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allowing the probe and microstrip to waveguide transitions to be fully de-embedded. 
Figure 5.20 shows a microphotograph of the W Band waveguide filter.
It is worth noting that only results from filters N=4 are shown since it exhibits good results 
with reference to simulated result. Filters with more section seem to exhibits general filter 
properties but the performance was poor. Insertion loss at centre frequency was found to be 
> 6dB. Furthermore, more sections in the waveguide will result is higher bandwidth to the 
expense of greater sensitivity to process variations.
De-embedded results are shown in Figure 5.21 for both filters. As can be seen, there is 
close agreement with the simulated results. For the W Band filter, the insertion loss is 
measured at less than 5dB and reflection loss < 15dB over 80-90GHz, as shown in Figure 
5.21 (i). The same results for the F Band filter are shown in Figure 5.21 (ii) for bandwidth 
between 100-1 lOGHz. Again, good agreement is seen between measured and simulated 
results proving the process is stable and is able to produce the required response.
We have shown that using the new approach in thick-film technology allows, not only, 
integrated planar and waveguide designs on a single substrate with flexibility comparable 
to thin film technology, but now also the incorporation of components such as H-plane 
offset filters. This design can be employed and interconnected inside the multi-chip 
module ceramic (MCM-C) technology.
Figure 5.20 The W Band filter probed by the CPW on-wafer probe
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Figure 5.21 S-Parameter results fo r  H-plane ojfset filters fo r  W Band and F Band
5.7 RWG filter design at G Band
Further tests were carried out to investigate the ability of this process to fabricate 
miniaturised waveguides. A calibration test was earned on waveguide designed at G Band
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(140-220GHz) and the filters were designed using the parameters shown in Table 5.4. It 
was tested using the new HP8510 with OML V05VNA-T/R millimeter-wave extension 
and on-wafer probes.
Chaiacteiistic
Cutoff frequency, fj/f2 166.68GHz/! 80.57GHz
Number of section, n 4&5
Filter Chaiacteristic Chebyshev
Waveguide Cutoff, ./è 115.75GHz
Waveguide Dimension 1.330x0.018mm
£ r 9
tan Ô 0.002
Table 5.4 Parameters}' o f the G Band filters fo r  n=4 & 5
The filter designed was the H-plane offset waveguide type, like that shown in Figure 5.20 
but reduced in size. Initially, the waveguide was design with 6r of 8. But it was believed 
that as frequency increases there is an effect on the pennitivity of the material. The relative 
phase constant was plotted and the value of permit!vity was obtained. The result shown in 
Figure 5.22 suggests that the agreement between the calculated and measured relative 
phase constant gives are at £r of 9. The attenuation result is shown in Figure 5.23. The 
result shows in-band attenuation of average 1.4dB/mm
2.6 M easured  
Simulated (er=9)
2.4
■Relative phase  
constant
2.2
1.4
140 160150 170 210180 190 200 220
Frequency (GHz)
Figure 5.22 Relative phase constant o f the calibrated waveguide
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Figure 5.23 Attenuation result from  the G Band calibration
Table 5.5 shows the design values for the aperture width w  and length L  of the cavities for 
a 5*’^ order Chebyshev filter with 0.1 dB ripple in the passband cut-off frequencies of 
166.68 GHz and 180.57 GHz. The design is based on a relative permitivity of 6r = 8 
(initially based on manufacturer’s value) and waveguide width of 457.9 pm (which 
coiTesponds to G Band). Table 5.5 also shows the fabricated values of the cavity lengths 
and aperture widths measured using a Hitachi S/3200N SBM. As can be seen, the 
difference is very small and generally less than 5 pm. The process therefore allows highly 
accurate designs to be manufactured which is essential for filter structures.
K w W (FABRICATED) L L  (FABRICATED)
1 288.0 293.6 325^ 330.3
2 228.4 229.4 364.1 363.9
3 214.3 208.0 370.0 370.0
4 214.3 211.0 364.1 360.9
5 22&4 232.4 325.2 330.3
6 2884 281.3
All dimeusions are in
Table 5.5 Design and fabricated dimensions fo r  5”‘ order filter
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To enable measurement, waveguide calibration pieces were fabricated on the substrate. 
These comprised three waveguide lines of length Xg/4 at the upper, lower and mid 
frequencies of the waveguide band. A thru line and short circuit were also fabricated. 
Calibration was perfonned using the multiline TRL technique [5.19]; this allows the CPW 
probes and microstrip to RWG to be fully de-embedded from the measurement.
Figures 5.24 and 5.25 show results for a 4^  ^and 5* order filter, respectively. We see that the 
in-band insertion loss is approximately 5 dB for the 4*^  order filter and 7 dB for the 5^  ^
order. Simulated values are also shown in Figures 5.24 and 5.25 based on the H-plane 
displacement model of [5.17]. The rather poor compaiison between measured and 
simulated results is due to the difference in the permitivity in the design and measured 
results. A value of 8r of 8 (given by the manual) was used in the design process and 
simulated results however, the value of permitivity extracted from the multiline TRL 
calibrations suggests a figure of 8r of 9.
0
•5 S11 m easured-------
S21 m easured------
S11 sim ulated-------
S21 sim ulated------
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-15
3 -25.ts
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-35
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Figure 5.24 4*^' order filter results
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Figure 5.25 5 ' order filter results.
5.8 Conclusion
This chapter has described the design of dielectric-filled waveguide using photoimageable 
thick film technology. In the previous chapter, the waveguide uses the photoetchable and 
direct -screen print technique to fabricate the waveguide. But it was discovered that there 
are some problem with the alignment between the photomask (to define the metal layer) 
and the fired dielectric layer.
This problem is overcome using Hibridas photoimageable pastes. Using the same design 
technique i.e. multilayer processing, the material was used to construct 3-D dielectric-filled 
waveguides operating at frequencies higher than E Band. The structure includes an 
integrated planai' circuit transition. The result shows good agreement between the 
measured and calculated result. This demonstrates, that thick film technology is capable of 
making practical mm-wave waveguides using a simple process.
H-plane offset filters have been designed for W Band and F Band. The result shows good 
insertion loss over lOGHz bandwidth with very low reflection loss outside the bandwidth. 
This also proves that the photoimageable technique is capable of making waveguide 
devices, where strict dimensional tolerance and high performance aie required. Hence, this
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new scheme has proven to suit designs at millimetre-wave frequency using low cost high 
volume manufacturing production for low loss and miniaturised circuits.
The process was further tested with the waveguide and filter design at G Band. This is the 
first ever successful trial using thick film technology at such a high frequency. The 
waveguide filter dimensions compares well with the calculated value proving this 
technique is able to provide the required tight dimensional tolerance required. The result a 
frequency slight shift due to the inaccurate permitivity data used during the design stage,
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Chapter 6
6 Dielectric-filled waveguide using Green 
Tape^  ^in LTCC technology
6.1 Introduction
In RF and microwave technology, there have been increasing needs for higher integration 
levels and lower costs for military, space and commercial applications. Valions products 
are continually improved and rapidly advancing with increased complexity and 
functionality that resulted in more complicated, integrated and miniaturised modules. 
Also, the demand for a suitable fabrication method has strongly pushed the development 
of new materials and processing techniques.
Hybrid circuit processes used for microelectronic circuit design and packaging have 
undergone improvements in many aspects since the stait of the microelectronic industry. 
MCM technology is the cuiTent trend in hybrid circuit fabrication where higher 
packaging density is now possible. Shorter connections, small size and integration of 
different circuit levels in a module, aie some of the advantages resulted from this process. 
The cuiTent process technique for the hybrid technology is divided into 3 distinct groups; 
process that uses soft laminates (MCM-L), multilayer thin film (MCM-D) and cofired 
ceramics (MCM-C).
Multilayer substrates have been the key in the improvements of the circuit pacldng 
density. The substrate can be layered and laminated to increase the number of embedded 
structures and shorter connections between pins. The substrate can accommodate circuits 
like MMICs or packaged ICs on the surface, and includes hybrid structure (mostly 
passive) in the interconnection placed between the layers. In [6.1], Menzel presents some 
of the possibilities in using a multilayer substrate to construct a variety of transmission
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lines. This is shown in Figure 6 - 1. Planar circuitry e.g. CPW, Coplanar line. Microstrip 
line, Stripline and waveguide could be accommodated inside the module.
Flip Chip
7
Waveguide Vias
Microstrip
/'
1
* L _  /
\ I  \  Â ]
-  X
/ / \
/ \  1 \  /
CPW
/
Stripline
Figure 6- 1 Some o f the proposed planar and waveguide structures possible with the multilayer
processing technology
Rectangular waveguide has some of the best transmission line characteristics compared to 
other transmission lines. It offers low loss and high power handling and its highest 
frequency of operation is only limited by the fabrication process due to due smaller 
dimensions required. The high Q property of the waveguide makes it suitable for 
couplers, diplexer, filters and so forth. The shielding around the waveguide reduces the 
electromagnetic radiation and external interference. The metal pipe rectangular 
waveguide is an example of a waveguide that uses air as its dielectric and is used in many 
applications especially as feeding lines to antennas.
There have been numerous publications describing the integration of devices, 
interconnections and antenna in the same package. In the higher microwave and mm- 
wave frequency range, integrating waveguide structures and antennas has also been 
proposed. But it seems practically challenging for any waveguide structure designed 
using MCM technology to be incorporated due to the large size and vertical walls. 
Furthermore, metal pipe rectangular waveguide cannot be used in the process since it is
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hollow. Instead, dielectric-filled waveguide can be incorporated inside the packaging 
technique with reduced size with the factor of 1/ Vet.
For example, WRI5 at V Band size requires waveguide dimensions of 3.80 x 1.90 mm 
for 8, = 1, but this is reduced to dimensions of 1.90 x 0.95mm for 8r = 4. This is an 
example of how the waveguide can be miniaturised using higher dielectric constant 
material. To fabricate the smaller waveguide for higher microwave and mm-wave 
frequencies requires high precision machining and is not usually suitable for mass 
production due to its high cost. Vertical walls of the waveguide also present a machining 
problem since laminating technology can’t manufacture vertical walls using the standard 
fabrication technique.
There have been some studies and prototypes of waveguides fabricated using a 
lamination technique, for MCM-C specifically [6.2]. But this technique suffers from 
increased conductor loss due to the thin dielectric sheet printed on the substrate. By using 
dielectric sheet prepared in its ‘green state’ using laminating technology e.g. in a LTCC 
process, this problem can be alleviated because the dielectric sheet comes in vaiiety of 
thicknesses. The thickness is reported to be > 1.0 mm, and as low as 92pm.
Waveguide design using laminating techniques was first proposed for both HTCC and 
LTCC processes [6.3]- [6.4]. Deslandes [6.5] described some design techniques for 
waveguide design using PCB laminates. Later, the idea of using LTCC fabrication 
techniques for waveguides was taken further in [6.6] -[6.8] where different waveguide 
components were realised using LTCC technique as pait of the ongoing development in 
incorporating waveguide inside packaging and realising practical interconnection 
between 2D and 3D transmission lines.
6.2 Waveguide Design using LTCC
Nowadays, LTCC is widely used for RF/microwave complex sub-system assemblies 
containing discrete surface mount technology (SMT) components, bare die and embedded 
passives. It integrates with other packaging in achieving many advantages for higher 
packaging density. It offers an alternative lower cost technology compared to MCM-D
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and gives better performance and tolerances than PWB technology for high performance 
digital circuits [6.9] and microwave applications.
The waveguide design requires a multilayer cofired ceramic. 2-D circuits can be 
incorporated easily in the multilayer design but for 3-D circuit, vertical walls cannot be 
easily implemented. Instead, rows of via holes were proposed [6.10] -  [6.11] The solid 
vertical wall is replaced with via metallic walls realised by rows of solid vias separated 
by a small distance. This provides compaiable electrical performance to the standard 
metallic walls. This has been successfully implemented in [6.10] - [6.11]
LTCC utilises ceramic substrates in their ‘green state’. Few choices of LTCC substrate 
aie currently available from manufacturers. This is summaiised in Appendix C, showing 
their electrical and physical characteristics. Certain design considerations must be taken 
into account when designing the waveguide using these tapes. One important 
consideration is the shrinking percentage on both the lateral and vertical sides of the tape. 
Others include the tangent loss and permittivity. These values aie normally presented 
using measured result at low microwave frequency e.g. 1 GHz or 10 GHz. Until now, 
values for higher microwave frequency and at mm-wave frequency aie not available or 
measured. One quick method is to obtain the data is to extrapolate from the graph given 
in the data sheet but this is not a reliable technique. Other aspects that need addiessing 
include the fabrication of the metallic walls, circuit structure, testing method etc.
6.3 LTCC Process
LTCC fabrication requires several stages similar to HTCC. In this section, the step used 
to describe the LTCC procedure was taken from the Dupont Green Tape™ website [6.12] 
and is summarized in Figure 6 - 2. Initially the Green Tape™ is supplied in rolls and is cut 
into shape using a razor or knife. The maximum layer thickness ever demonstrated so fai* 
was 20 mm [6.12]. It is then preconditioned by baking the sheet at 120°C for 20 -  30 
minutes. Another method is to place the tape in a nitrogen dry box for 24 hours.
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Then, a blanking die is used to create orientation mai'ks and the final working dimensions 
of the green sheet. Each layer will then be prepaied individually in a paiallel processing 
approach. This is an advantage of the LTCC process where different layers can be 
simultaneously processed together in a parallel process. Each layer is punched using a 
mechanical puncher or laser to create via holes. The ‘via’ foiming has different purposes. 
It is used as electrical connection as ‘vias’ for connecting different layer, ‘tooling holes’ 
for registration at the lamination step and ‘registration holes’ for an automatic vision 
system that aligns each tape sheet during the via print step.
Then, each layer with vias is placed on a special jig made from porous stone and the ‘via 
fill’ process is cairied out using conventional thick film printing. This will fill each via 
with metal paste with the aid of the porous stone connected to a vacuum pump. The 
vacuum pump connected to the stone will hold the tape during printing, and it creates 
vacuum in the porous holes that ‘pulls’ the paste into the vias as the printing process 
commences.
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Cutting
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Punching 1 Punching2 Punching (n)
Via fill V iafilll Viafill2 Via fill (n)
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Print Layer
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Print Layer 1
Fire2
Print Layer2
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Fire (n)
Print Layer (n)
Figure 6- 2 Procedure used in the LTCC processing. The process allows each layer to be
individually processed before stacking
Once the vias are filled, conductor printing can commence. Both conductor and via hole 
pastes are made to accommodate the shrinking factor of the substrate. After that, the 
sheets are dried in a box oven at 120°C for 5 minutes.
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Figure 6- 3 Firing profile fo r  a typical LTCC process
All the layers are inspected after this stage. This is to make sure that all the tracks and 
vias are in place with no broken tracks. This is done with the aid of a light table, 
microscope and probing. Before lamination takes place, all the layers are registered using 
a precision lamination fixture. This is done using a fixture with tooling pins, where all the 
layers are assembled coiTectly and in order. Two recommended lamination processes can 
be caiiied out. They are Uniaxial lamination and Isotatic lamination. Uniaxial lamination 
is earned out in a hydi'aulic press with heated platens. The laminates are pressed at a 
temperature 70°C using 3000 p.s.i. for 5 minutes. Then the sample is rotated 180° and is 
pressed for another 5 minutes. The other technique i.e. Isotatic lamination, occurs in a 
press using heated water while the circuit is placed in a special bag to prevent the water 
from attacking the tape or paste.
The next stage is to cofire the tape in a programmable furnace or box Idln. A typical 
firing profile is shown in Figure 6 - 3. From room temperature, the tape is brought up to 
350°C on a 10°C/minute ramp. At this temperature, all the organic substances in the tape 
will burn off. Then, using a 10°C/minute ramp, the sample is brought to the peak 
temperature of 850°C. The sample is kept at this temperature for 2 - 3 0  minutes 
depending on whether the required result is fully or semi-sintered tape. It is important to 
realise that the tape will shrink 12.7 ± 0.2% in the X -  Y direction and 15 ± 0.5% in the Z 
direction (for Dupont 951 tape). This is due to the result of the loss of the organic 
material in the tape and the flow of the glass at peak temperature that brings the grains 
closer together [6.13]. This shrinkage must be compensated for during the design process 
so that electrical continuity and required dimensions are achieved. At this stage, the
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laminate is now stable and ready for post fire processing. This is where the top layer is 
processed i.e. printing resistors, dielectric, conductors or other ceramic processes can be 
carried out with reference to their own individual processing steps and technique.
The product is tested for electrical opens and shorts. Then, in the singulation process, the 
product is cut using one of a variety of techniques, namely post fire dicing saw, ultrasonic 
cutting, laser cut or even punching. Finally, the product is inspected.
6.4 Simulation of LTCC Rectangular Waveguide
Metal pipe rectangular waveguide consists of 4 solid metallised walls with rectangular 
openings on both ends. It uses air as the dielectric that exhibits very low loss. As an 
example, a typical waveguide dimension for WR-I5 at V Band (50 - 75 GHz) by 5=7, a 
-  3.8mm and b = 1.9mm. The cutoff frequency for the dominant TEio mode is 39.863 
GHz. The next mode, i.e. the TE20 mode will propagate at 85GHz. The EM simulation by 
HFSS shows the frequency response of the metal pipe waveguide using the bulk 
conductivity of gold for the TEio mode only. The result shows low insertion loss i.e. 
<2dB and high return loss i.e. <-20dB. The insertion loss increases near” the cut-off 
frequency. Below this frequency, no propagation will occur other than evanescent modes
[6.14].
To construct an LTCC waveguide, a few changes are made to the metal pipe rectangular 
waveguide design. An example of the layer structure provided by industry and criteria 
used in the waveguide design is shown in Appendix D. The dielectric inside the 
waveguide now incorporates the ceramic tape and inevitably reduces the waveguide 
dimension by factor of l/Ve,-. The new dimension is a = 1.346mm and b = 0.673 at 5 - = 5 
for V Band. Following the available standard layer assignment, the first 3 layers i.e. 
layers 14-12 provide the most suitable height. This is to obtain an optimised and 
compromised design requirement for the waveguide. The shrinkage factor and transition 
design (which includes a 50Q microstrip line) is taken into account. For a (waveguide 
width) dimension, it does not pose much of a problem since the width of the waveguide is 
easily realised on the LTCC. But for the b dimension, it consists of mixed dielectric
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thickness of 94)Lim and 21 l^im. From calculation, after firing, the thickness of the 3 layers 
(layer 1 4 - 1 2 )  is expected to be 0.339mm.
a = 1.346 mm 
b = 0.67 mm 
1 = 4 X Xg/4
MAtnx Hot arrc RWCW)
Plot I : S Matrix Dato
I
--------- 5 J :aportanpxit»il(iMgt
i
I
i
Frequency (GHzl
Figure 6- 4 S-parameter result from HFSS o f a V Band waveguide with €r = 8
The simulated result for fundamental mode (TEio) insertion loss and return loss for the 
waveguide is shown in Figure 6.4. Since it is impossible to incorporate vertical walls in 
the waveguide design, filled via holes were used as sidewalls for the waveguide. This is 
shown in Figure 6-5 for the same waveguide dimensions and the via puncher diameter of 
200pm. According to [6.11], the spacing of the via-holes should be smaller than a quarter 
wavelength at the waveguide operating frequency. For the V band waveguide, the 
calculated pitch between vias is 0.6006 mm. This will be sufficient to stop 
electromagnetic wave leakage via the ‘fences’ due to significant potential difference. The
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top and bottom metalisation will act as the top and bottom waveguide conductors. In
[6.11], the performance of the waveguide due the presence of the via-holes as sidewalls is 
calculated using a simulated resonator. The result shows attenuation is affected little with 
the use of filled-via holes.
Input port
Output port
a = 1.343mm  
b =0.340mm  
1 = 2.885mm  
1’ =0.597mm
Plot I : S Molrix Dota
Frequency MH!)
Figure 6- 5 Shows the result from simulation using HFSS. The waveguide includes vias acting as
sidewalls
In volume manufacture, via hole creation is expensive. This is due to the high cost of the 
tooling equipment and time taken to punch many holes. The tool recommended in this
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process has a diameter of 200 p,m. This is quite large and the overall via hole design must 
suit the dimension required with minimal effect on the design complexity of the 
waveguide. The conductor paste used also has an impact in the design. Using direct 
screen print, as recommended by the manufacturer, imposes another design constraint if 
the transition used in the previous design were implemented. But this might not be the 
case if a coplanar waveguide transition as recommended by [6.5] is applied.
The waveguides were designed at V Band. The wavelength in the waveguide is 2.388 
mm. The via-hole pitch is designed at 0.5575 mm for 60 GHz waveguide. The calibration 
set is designed for the TRL calibration technique. It consists of open and short 
waveguide, waveguide with delays at beginning of the frequency band, mid. frequency 
and end frequency. Figure 6- 6 shows all the layers and calibration set prepared for any 
future available process fabrication opportunity
Figure 6- 6 Top layer design (without CPW pads) showing 2 groups o f  waveguide calibration set
and U'ansition
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6.5 Conclusion
A brief study was conducted to design a dielectric filled rectangular waveguide using 
Green Tape'^'^. The process used in the fabrication is LTCC and involves multiple layers 
of dielectric sheet compressed and fired at high temperature. At the design stage, the 
height of the waveguide was determined to provide optimum thickness w.r.t. loss and the 
microstrip -  CPW transition design.
The shrinkage factor is incorporated during the design stage i.e. during in the calculation 
of the dimensions calculation. A row of vias is used to create the walls of the waveguide. 
Another factor is the type of conductor paste used for printing because this also effects 
the dimension of the planar transition. The distance of the vias punching process since the 
via tooling process is expensive. The waveguide is simulated at V Band and the result 
shows propagation occurring inside the waveguide with in-band insertion loss of <5dB 
and return loss of <-15dB.
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Chapter 7
7 Conclusion and Future Work
7.1 Contributions of this thesis
Various technique for the fabrication of dielectric-filled rectangular waveguide have 
been presented in this thesis. MCM technology was chosen for its low cost and wide 
selection of different processes each with their own characteristics, selection of 
materials and process steps. Two main types of MCM technology were chosen; MCM- 
L and MCM-C technology. Three types of MCM-C process were investigated. They 
aie the photoetchable thick film process, photoimageable thick film process and LTCC 
Green Tape™ process. All these processes enable multilayer design techniques to be 
used.
Since this is part of an ongoing study into the optimum low cost process for dielectric- 
filled rectangular waveguides, much of the work has concentrated on presenting the 
fabrication side of that study. A considerable amount of fundamental design and 
fabrication information was presented. This includes a brief study of various available 
materials to enable the best choice of fabrication technique. Implementing these 
materials introduces some design challenges, which aie mainly on miniaturisation and 
operating at higher frequency. This requires pushing the limits of these materials to 
perform and adhere to given/optimised tolerances, dimensions and frequency of 
operation. Apait from this, a study of waveguide components was also included e.g. 
filters. H-dimension offset waveguide filters were presented to investigate the 
limitations of each process.
Implementing a multilayer process within the above technology to create multilayer 
circuits and waveguides gives improved flexibility. Thicker waveguides are possible 
and integration between planai* circuit and waveguide structures is made possible with 
photoetchable and photoimageable materials. They allow the creation of TFMS lines.
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smaller lines and gaps for tight coupled-line filter design, and provide sufficiently small 
dimension to enable CPW on-wafer probes to be used for testing and measurement, 
with the aid of Multical.
Some of the problems faced during the fabrication process have been explained. The 
problems are generally caused by the chaiacteristic of the materials and limits in the 
processing capability. For the MCM-L process, the material used was adequate in terms 
of its tangent loss and dielectric constant for the frequency intended (X Band), but the 
dielectric content restricts its frequency operation and the reduced thickness of the 
dielectric further increase the loss in the waveguide. The use of SMA connectors that 
are soldered creates an inconsistent calibration result that gives different values on each 
waveguide calibration tested. For the thick film process, the different scales between the 
mesh screen and mask creates a problem for multilayer processing during the etching 
process. Printing several layers of dielectric can increase the dielectric thickness, but 
using direct-screen print method will result in closure of vias and trenches if the gaps 
are not wide enough. The larger and dimensions for vias and trenches will then affect 
other parts of the design e.g. space between circuits etc. The use of photoimageable 
thick film process eliminates a lot of the problems faced with a combination of 
photoetchable conductor and screen print dielectric. Sharper conductor lines and vias 
have produced good results > lOOGHz. In the LTCC process, although measurements 
were not carried out for this thesis due to process unavailability, some important 
fabrication requirements can be investigated. The use of a puncher of 200um diameter 
is quite large for the vias needed for the CPW probe pads and using direct screen print 
conductor, although cheaper, but restricts the minimum circuit dimensions, which 
results in a reduction in operating frequency. Furthermore, the characteristic of the 
currently available dielectric restricts the frequency operation to <70GHz.
In summary, a considerable amount of work was presented in this thesis that addresses 
the challenges in fabrication of dielectric-filled rectangular waveguides using low cost 
MCM technology. Various technique were applied and each process introduces new 
materials, different process requirements and fabrication steps. The study is expected to 
contribute to the ongoing development of the miniaturisation of circuits and integration 
between planar* and non-planar* circuit, esp. rectangular* waveguides.
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7.2 Suggestions for Future Work
With all the techniques used in fabricating the dielectric-filled rectangular waveguide, 
improvements can be concentrated on the material selection, design method and 
processing. The following are some of the possible extensions from the work here 
towards realising a high quality waveguide and integrated system with improved 
performance.
The MCM-L process will benefit more with the use of good material, possibly non­
woven types e.g. ceramic filled or PTFE based product. Combining wet etch and 
milling machine makes the process possible to mill out various waveguide components 
up to certain frequency limits. Electroless copper plating technique can be used to 
metallise the sidewall. Drills can be used to create via holes eliminating long trenches. 
Proper jig could be used to eliminate the use of SMA soldering, hence giving better 
results. Other waveguide type e.g. dielectric waveguide and H-plane guide can also be 
fabricated easily without the need for a metallisation process.
For the thick film process, thicker dielectric can be printed to increase the dielectric 
thickness and reduce the conductor loss. The photoimageable process has been shown 
to give better results and quality compared to photoetchable, with reduced processing 
steps. More research can be done on improving the planar transition. Research on the 
materials characteristic and behaviour can also be carried out to understand the effects 
of the materials at higher frequency. Other components e.g. waveguide filters, couplers 
and antenna can be integrated and fabricated on alumina. Also, other waveguide e.g. 
finlines can be studied using this process.
For the LTCC process, the same study can be applied as in the photoimageable process. 
Basically, more understanding of the limits of the process and its requirement e.g. 
tooling etc. is needed.
Another process and material that might be of interest is the use of Foturan 
(photoimageable glass), the process using etching or laser treatment. SU-8 has also been 
used in the MCM-D study of the hollow rectangular waveguide development. This can 
be further investigated by designing various components e.g. filters etc.
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Chapter 7 .Conclusion and Future Work
In conclusion, much improvement can be made from the realisation of the waveguide 
design using MCM technology in this thesis. Some of these ideas are already carried out 
actively at UniS by other researchers. Further investment into fabrication facilities will 
greatly assist the ongoing study in improving the fabrication technique.
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Appendix A
Equations relevant to the rectangular waveguide for TEmnUiode.
symbol defination equation
k wavenumber CO.
cutoff wavenumber
n—n  m—V ay + V
phase constant ~K
ko cutoff frequency 27T/
wavelength %
ttd dielectric attenuation k tanS,
etc (TE mO) conductor attenuation
bn j^ïÂfJff a yK f >
E, Electric field (z-direction) 0
surface resistivity 1
aÔ
skin depth 1
Magnetic field (z-dii) cosk^x cos/c y e
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Appendix B
*  cutter . ' application.... diameter (mm^ •V "  -
Universal Cutter general isolation 
channel
0.2 -  0.5 General PCB isolation 
for 5 -  70um copper 
thickness
M icro Cutter isolation channel 0 .1 -0 .5 Isolation for 5 -  17um 
copper thickness
RF Cutter cylindrical isolation 0 .25-0 .4 cylindrical cut for RF 
circuit outline (required 
RF motor)
PCB Routing general PCB routing 1 .0-3 .0 General PCB router
Rubout Cutter large area rubout 0 .8 -3 .0 Large area copper 
rubout
DriU drill 0.3 -  3.0 Vlas
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Appendix D
Simplified 16 LTCC layer legends
Top bendable 
Top solderable
Conductor 16 
Ltcc 16 (via 16)
Conductor 15 
Ltcc 15 (via 15)
Conductor 1 
Ltcc 1 (via 1)
Bottom conductor 1 
Bottom solderable 
Bottom bendable
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